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4.  MODEL  DEVELOPMENT 


4.1  COMBUSTION  MODELING 

4.1.1  Overview 

The  combustion  phenomenon  results  from  the  interaction  of  convective  and  molecular 
diffusion  of  many  species  and  from  simultaneous  chemical  reactions  among  several 
species  on  small  length  scales.  Mathematically,  these  interactions  are  described  on  the 
basis  of  balance  equations  for  continuity,  momentum,  energy,  and  species  mass-fraction 
and  chemical  reactions  (law  of  mass  action).  Most  reacting  flows  in  practical  combustors 
are  dynamic  in  nature,  having  vortical  structures  ranging  from  Kohnogorav  scale  (~  10-4 
mm)  through  very  large  scales  on  the  order  of  the  combustor  scales  (~  102  mm). 

Because  of  the  enormous  requirement  for  computer  resources  to  simulate  the  turbulent 
motion  associated  with  all  of  the  length  scales  in  a  combustor,  a  concerted  effort  is  being 
made  to  develop  an  effective  turbulence  model.  However,  such  a  model  can  be  achieved 
only  through  a  thorough  understanding  of  laminar  flames  and  the  events  that  occur  in 
turbulent  flames.  To  assist  the  Air  Force  in  developing  a  time-dependent  combustor 
design  model,  ISSI  has  developed  a  series  of  CFDC  codes.  These  codes  have  been  used 
to  aid  the  understanding  of  the  fundamental  processes  involved  in  combustion  and  to 
evaluate  advanced  combustor  concepts.  The  results  of  this  effort  are  discussed  below. 

4.1.2  Jet  Diffusion  Flames 

A  study  was  conducted  on  the  local  extinction  of  a  laminar,  methane  jet  diffusion  flame 
caused  by  an  artificial  vortex  that  issues  radially  from  either  the  fuel-jet  core  or  ambient 
air  toward  the  flame  zone.  The  results  are  reported  in  the  paper  entitled  “  Numerical 
Experiments  on  the  Local  Extinction  of  Jet  Diffusion  Flames”  (see  pp.  696-704). 
Unsteady  chemical-kinetic  effects  on  the  dynamics  of  local  flame  extinction  are 
discussed  in  the  publication  entitled  ‘TJnsteady  Extinction  Mechanisms  of  Diffusion 
Flames”  (see  pp.  705-714).  In  the  paper  entitled  “A  Nximerical  Investigation  of  the 
Stabilizing  Mechanism  of  Methane  Jet  Diffiision  Flames”  (see  pp.  715-722),  a  numerical 
study  of  the  detailed  structure  of  the  stabihzmg  region  of  mefliane  jet  flames  is  discussed. 
An  axisjnnmetric,  time-dependent  CFDC  code  and  different  detailed-chemical-kinetics 
models  were  employed  for  accurate  prediction  of  the  dynamics  of  methane  laminar  and 
transitional  jet  flames;  the  results  are  documented  in  the  paper  entitled  “Simulation  of 
Dynamic  Methane  Jet  Diffusion  Flame  Using  Finite-Rate  Chemistry  Model”  (see  pp. 
723-733).  The  results  of  an  experimental  and  numerical  investigation  conducted  to 
imderstand  the  local  quenching  process  associated  with  vortex-flame  interactions  in  a 
methane  flame  are  discussed  in  the  publication  entitled  “Local  Extinction  in  an  Unsteady 
Methane- Air  Jet  Diffusion  Flame”  (see  pp.  734-742).  Computations  employing  a  time- 
dependent,  implicit,  third-order-accurate  numerical  model,  including  semidetailed 
chemical  kinetics  and  buoyancy  effects,  were  used  to  reveal  the  detailed  structures  of 
vertical  jet  diffusion  flames  and  flat-plate  burner  flames;  details  of  this  study  are  reported 
in  the  paper  entitled,  “Attachment  Mechanisms  of  Diffusion  Flames”  (see  pp.  743-752). 
In  the  publication  entitled  “Simulation  of  Dynamic  Methane  Jet  Diffusion  Flames  Using 
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Finite  Rate  Chemistry  Models”  (see  pp.  753-763),  a  comparison  is  made  of  numerical 
and  experimental  data  for  a  steady-state  flame  and  two  dynamic  flames  that  are 
dominated  by  buoyancy-driven  instabilities.  The  detailed  structure  of  the  stabilizing 
region  of  an  axisymmetric  laminar  methane  jet  diffusion  flame  was  studied  numerically, 
and  the  results  are  reported  in  the  paper  entitled  “A  Role  of  Chemical  Kinetics  in  the 
Simulation  of  the  Reaction  Kernel  of  Methane  Jet  Diffusion  Flames”  (see  pp.  764-771). 

A  detailed  numerical  study  was  conducted  to  characterize  the  effect  of  buoyancy  on  the 
structure  of  two-dimensional,  partially  premixed  methane-air  flames,  and  the  results  are 
documented  in  the  pubhcation  entitled  “Gravity  Effects  on  Steady  Two-Dimensional 
Partially  Premixed  Methane-Air  Flames”  (see  pp.  772-788).  The  paper  entitled  “Stability- 
Limit  Predictions  of  Methane  Jet  Diffusion  Flames”  (see  pp.  789-797)  documents  an 
attempt  to  predict  the  Ufling  limit  of  an  axisymetric,  laminar,  methane  jet  diffusion  flame 
using  a  time-dependent  full  Navier-Stokes  model  with  buoyancy.  The  use  of 
visualizations  in  the  development  and  evaluation  of  a  reacting-flow-simulation  model 
known  as  UNICORN  (UNsteady  Ignition  and  COmbustion  with  ReactioNs)  is 
docmnented  in  the  paper  entitled  “Role  of  Flow  Visualization  in  the  Development  of 
UNICORN”  (see  pp.  798-813).  The  detailed  structure  of  the  stabilizing  region  of  an 
axisymmetric  laminar  methane  jet  diffusion  flame  was  studied  numerically  by  solving  the 
time-dependent  full  Navier-Stokes  equations  with  buoyancy;  the  paper  entitled 
“Chemical  Bvinetic  Structure  of  the  Reaction  Kernel  of  Methane  Jet  Diffusion  Flames” 
(see  pp.  814-850)  discusses  the  results.  Steady,  two-dimensional,  partially  premixed  slot- 
burner  flames  established  by  introducing  a  rich  fuel-air  mixture  from  the  inner  slot  and 
air  from  the  outer  slots  were  investigated  experimentally  and  numerically;  the  results  are 
documented  in  the  paper  entitled  “An  Experimental  and  Numerical  hivestigation  of  the 
Structure  of  Steady  Two-Dimensional  Partially  Premixed  Methane- Air  Flames”  (see  pp. 
851-858).  In  the  publication  entitled  “A  Reaction  Kernel  Hypothesis  for  the  Stability 
Limit  of  Methane  Jet  Diffusion  Flames”  (see  pp.  859-882),  the  successful  prediction  of 
the  Ufling  limit  of  an  axisymmetric,  laminar,  co-flow,  methane-air  jet  diffusion  flame 
under  normal  earth  gravity  is  described.  The  structure  of  a  laminar  methane  diffusion 
flame  formed  along  a  porous-plate  burner  in  a  vertically  upward  combustion  tunnel  was 
studied  numerically  and  experimentally,  and  flie  results  are  reported  in  the  paper  entitled 
“A  Numerical  and  Experimental  Study  of  the  Structure  of  a  Diffusion  Flame  EstabUshed 
in  a  Laminar  Boundary  Layer  Along  a  Vertical  Porous  Plate”  (see  pp.  883-890).  An 
idealized  boiler  that  was  specifically  designed  to  facilitate  experimental  and  numerical 
investigations  is  discussed  in  the  p^er  entitled  “Experimental  and  Numerical 
Investigation  of  Structures  of  Two-Dimensional  Partially  Premixed  Methane-Air  Flames” 
(see  pp.  891-912). 
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Abstract 

Local  extinction  of  a  laminar  metbane  jet 
difiusitm  flame  caused  by  an  artificial  vtstex  that 
issues  tadiaDy  from  either  fuel-jet  core  or  ambient  air 
toward  the  flame  zone  has  been  studied  numoically. 
The  simulations  were  motivated  by  e^qterimental 
observadcms  of  naturally-fonning  intonal  and  external 
shear-graerated  vortices.  A  time-depoidrat, 
axisymmetric,  in^lidt,  diird-<Hder  accurate  nnmftrifai 
model  is  used  with  variable  tiansp<»t  properties  and 
detailed  chemical-kinetic  mechanisms  A  packet  of  jet 
fluid  air  is  ejected  outward  or  inward,  respectively, 
as  a  single-pulsed  side  jet  at  given  ejectim  velod^  and 
period.  A  vortex  ^stem  with  a  pair  at  counter-rotating 
toroidal  vortex  rings  is  formed  and  penetrated  into  the 
high-temperature  viscous  layer.  If  Pedet  number  for 
mass  transfer  (Pe:  a  ratio  of  the  characteristic  diffosiem 
time  to  convection  time)  is  smaU,  the  flame  zone 
deformed  wifoout  extinction;  if  Pe  is  large,  the  vortex 
cuts  dtrongh  the  high-temperaoire  layer  witii  a 
minimal  flame  movement,  thus,  locally  extinguishing 
the  flame.  For  both  outward  and  inward  vortices,  the 
unsteady  effect  cm  the  local  extinction  is  largely 
attributable  to  an  excess  diffusive  influx  d’  mftthanft, 
which  scavaiges  a  radical  (OH,  H,  and  O)  pool  on  the 
air  side  of  die  peak  temperature. 


INTRODUCTION 

Flame  extinction  jdienomena  have  long  been 
studied  predominantly  in  stea^  laminar  oounterflow 
difiiisum  flames  [1,2]  sinceainoneoing  wodcbyTsuji 
and  Yamaoka  [3].  Stretch-induced  flame  extinction 

*  Reseanh  Engineer,  RcMadt  histitule.  Senior  Mente  AIAA 
'  Senior  Reseanli  Engineer,  Member  AlAA 
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occurs  as  a  result  of  reduced  DamkhOler  number  (i.e.,  a 
ratio  of  diaiacteristic  flow  [or  diffusion]  time  to 
reaction  time)  and  subsequent  decrease  in  the  fianx*. 
temperature  and  reaction  rates.  Although  the 
phenomenal  has  been  undmtood  well  in  a  global 
sense  for  simple  flow  configurations,  there  exist  some 
aspects  of  the  subject  which  need  further  investigation. 
Ccmqilexities  in  practical  turbulent  flames  stem  fimn 
three-dimensional,  transient,  turbulence-flame 
interactions  including  die  effects  of  unsteadiness,  fiam«» 
curvature,  and  chemical  kinetics.  The  investigations  of 
unsteadiness  and  curvature  dfects  on  difiusioi  fiama 
extinction  have  received  a  growing  attention  in  recent 
years  [4-8]. 

in  a  jet  diffusion  flame,  extinction  occurs 
locally  near  the  laminar-to-turbulent  flame  transition 
point  as  the  fndi  jet  vdocity  is  increased  [9-13].  The 
vortex-flame  interactions  are  responsible  for  the  local 
extinction.  A  series  of  recoit  experiments  [14-17]  in 
methane  jet  diffusim  flames  using  a  variety  ot  laser 
diagnostic  techniques  has  revealed  essential  features  of 
vortmi-flame  interactions,  whidi  lead  to  local 
extinction.  Ibe  local  extinction  occurs  in  the  near-jet 
regirm  vdioi  the  internal  large-scale  vortex  rapidly 
reaches  the  flame  zone  tocaticm  or  die  external  vortex 
accelerates  the  entrainment  flow  passing  through  the 
flame  zone  [17]. 

A  recmit  devdopment  of  numerical  codes  iot 
studying  various  aspects  of  transient  behaviots  of 
flarii^  [18-20]  has  enabled  us  to  simniam  more 
diallenging  numoical  experiments  with  suffideady 
high  accuracy.  Ri  the  fueviouspqier  [21],  die  pineal 
aspect  (ff  vortex-flame  interactions  were  stiidi^  by 
assuming  infinitely-fost  one-step  chemical  kindics  and 
unity  Lewis  nnmba.  An  attmnpt  was  made  to  simnlate 
the  transient  response  of  a  laminar  flame,  zone  to  an 
artificial  vortex  that  issues  ftom  a  side  jet  Although 
the  fiuid-dynamic  and  transport  phenomena  oi  vortex- 
flame  interactions  have  been  successfully  amdated. 
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die  fost  cliemistry  model  inhibited  to  investigate 
further  the  chemical  aspect  of  local  extinction 
idienomena.  In  this  wodc,  a  detailed  chemical  kinetic 
mottel  is  incorporated  in  die  code,  and  the  first 
numerical  experiments  have  been  conducted  on  the 
local  extinction  d  jet  diffusion  flames  caused  by  an 
artificial  vertex  that  issues  from  the  fuel-jet  core  or 
ambient  air.  The  primary  objective  this  study  is  to 
reveal  phyacal  and  ctemical  aspects  of  the  transient 
interactions  between  a  laminar  diffusion  flame  and  a 
vortex  and  duddate  local  extinedon  mechanisms. 


NUMERICAL  MODELS 

The  laminar  difftisiffli  flame  considered  in  rhia 
papet  is  formed  between  a  central  methane  jet  and  a 
concentric  annulus  air  flow.  Hme-dependent 
govmiing  equations,  expessed  in  cylindrical 
coordinates,  consist  of  mass  continuity,  axial  and  radial 
rnmnoitum  conservatum,  enogy  cemservation,  and 
qiedes  conservation  equatiems  widi  the  equation  d 
state  [19].  Body-force  term  caused  the  gravitational 
field  is  induded  in  the  axial  momentum  equation.  A 
detailed  cfaemical-Idnetic  model  [22],  induding  52 
elmnmitary  steps  for  17  spedes,  is  used  to  describe 
CEI4-O2  combustion.  TransprHt  properties  are 
considered  to  vary  with  tenqieratnre  and  qiedes 
concentrations.  Enthalpy  of  eadi  qiedes  is  calculated 
from  polynomial  curve-fits  while  the  viscosity  the 
individual  spedes  is  estimated  firtm  Chapman-Biskog 
collision  tireoiy  ^3].  The  Innary  diffiisicn  co^cient 
between  any  two  spedes  on  the  ftol  dde  of  the  flame  is 
assumed  to  be  identically  equal  to  that  of  tiie  fuel  and 
nitrogea  Similaiiy,  on  the  oxidizer  side  of  tiie  flame,  it 
is  made  identical  to  that  of  the  oxygen  and  nitrogen. 
The  Ch^nnan-Entitog  tiieory  and  tiie  Lemnard-Jones 
potentials  [23]  have  been  used  to  estimate  tiiese  two 
binary  diffusion  coeffidents. 

Hie  finite-difference  form  of  the  governing 
equations  is  constructed  on  a  staggered  grid  ^tem 
based  on  an  implidt  QUICKEST  numerical  scheme.  It 
is  tiiird-otdmr  accurate  in  botii  space  and  time  and  has  a 
very  low  numerical  diffiisirHi  error.  At  every  time-stqi, 
the  pressure  field  is  accurately  calculated  by  solving 
the  ^tem  (rf  algebraic  pressure  Poisson  equations 
simultaneoudy.  An  orthogonal  grid  ^tem  with 
rapidly  eiqianding  cell  sizes  in  botii  axial  (z)  and 
radial  (r)  directions  is  utilized.  Hie  cooqiutational 
domain  d  ISO  x  60  mm  in  z  and  r  directions, 
respectively,  is  represented  by  a  mesh  system  of  241  x 
71.  The  inner  diameter  of  tiie  fuel  tube  (d  s  9.6  mm) 
is  dose  to  that  used  in  the  experiments  [14].  Gridlines 
are  dustered  near  the  bumo:  lip  and  ade  jet  locations. 


The  outer  boundaries  of  the  computational  domain  are 
shifted  sufficiently  far  miougb  to  minimize  the 
propagation  of  disturbances  into  the  region  of  interest 
The  initial  and  boundary  conditions  for  the 
axial  (U)  and  radial  (V)  vdodties  and  spedes  and 
energy  at  different  flow  boundaries  are  sirnilar  to  the 
previous  work  [21]  exc^t  for  the  increased  number  of 
spedes  in  the  present  calculations.  The  fully- 
developed  pipe  flow  and  boundary  layer  velocity 
profiles  ate  ured  at  the  exits  of  the  fuel  tube  and  the 
annulus  air  channel,  reqiectivdy.  Along  the  bumer-lip 
walls,  no-slip  boundary  conditions  are  oiforced.  An 
extrapolation  procedure  with  weighted  zero-  and  first- 
order  terms  is  used  to  estimate  the  flow  variables  on 
the  outflow  boundary.  During  the  calculations,  radial 
side  jets  are  introduced  fiom  different  locations  in  the 
flow  field. 


TEST  CONDITIONS 

The  test  cases  repotted  in  tiiis  paper  are  listed 
in  Table  1.  Cases  1  and  2  represents  a  laminar  jet 
diffusion  flame  with  k>w  velodties  the  primary  jet 
(I;^,  annulus  air  and  side  jet  (V^  and  a  long 
pu^  widtii  (ts)-  At  the  grid  points  within  the  tide  jet, 
the  tadiai  compmient  d  the  local  vdodQt  is  rqilaced 
by  Vj  and  the  scalar  variables  are  maintained  at  the 
local  values  for  a  lime  periodic  is-  The  primary  jet  has 
a  parabolic  velod^  distributirm,  rqnesenting  the  fiilly- 
developed  laminaf  pipe  flow.  The  tadiai  location  of 
the  side  jet  (r^  -  d/2)  is  neariy  coinddmit  with  a 
dividing  streamline  between  tiie  jet  and  external  fluids. 
The  height  of  die  side  jet  is  diosoi  near  the  jet  exit 
such  that  tiie  flame  zone  interacts  with  the  vortex 
intmisely  because  d  the  flame  jKoximity  to  the  jet-fluid 
COK.  Case  3  represents  a  flame  witii  higher  vdodties 
d  the  primary  jet,  annulus  air,  and  tide  jet  and  a 
shmter  pulse  width  in  contideration  d  a  naturally- 
forming  radial  mass  q'ection  observed  in  turbulent 
flames  [11,  14,  IS],  hi  tiie  turbulent  metiume  jet 
diffusion  flame  stabilized  cm  a  thick  burnm^  Ip,  tiie 
local  flame  extinction  occurred  at  the  mean  primary  jet 
velocity  d  ~15m/s  [11],  Although  tiie  maximum 
radial  velodty  omnponent  (tiie  mean  plus  three  times 
the  root  mean  square  fluctuation)  observed  mdet  such 
a  conditirm  was  ~7  m/s  [14],  higha  values  of  Vg  were 
used  for  cases  2  and  3  to  simulate  mctincticm.  Case  4 
rejnesents  a  condition  where  a  vortme  is  gected  inward 
frran  outtide  the  flame  (Vg  <  0).  Although  this 
condition  is  motivmed  by  die  experimental 
observations  [17]  of  local  extinctimi  caused  by  an 
external  vortex,  the  nature  d  the  side  jet  in  tiiis  study 
is  different  firnn  the  naturally  fmming  vortices.  Fd 
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cases  3  and  4,  the  velodQr  distribution  of  the  primaiy 
jet  is  givoi  by  using  the  enq>irical  equation  of  the  1/n¬ 
th-power  law  [24]  for  the  fiilly-developed  turbulent 
pipe  flow  with  the  exponent  ns6  for  a  moderate 
Reynolds  number  (although  die  simulation  considers 
laminar  flows  only). 

A  Peclet  numbm'  for  mass  transfer  defined 
I»eviously  [21]  is 

Pe»i;4/ln=8dVa/D  (1) 

where  id:  the  characteristic  diffiisicm  time,  the 
characteristic  ccmvecdmi  time  for  vortex  motkm,  $  d: 
the  diffuse  transport  layer  thickness,  Vi,:  die  radial 
mass  egecdcm  velodly,  and  D:  diffusicm  coeffident 
The  values  of  Pe  determined  by  substituting  (r^  *  at  r 
s  0  for  $  d  and  V,  for  Va,  for  cases  1  through  4  are 
listed  in  Table  1. 


RESULTS  AND  DISCUSSION 

A  steady-state  solution  for  the  diffiision  flame 
struMure  without  a  side  jet  was  obtained  first  by 
numerous  (tyincally  several  tois  of  thousand  times) 
iterative  calculations  using  a  long  time  step.  By  using 
the  steady-state  solution  as  the  initial  condition,  the 
temporal  changes  in  the  flame  structure  in  response  to 
the  side-jet  ejection  were  calculated  using  a  short  time 
st^.  Figure  1  shows  color-coded  mappings  d  the 
calculated  gas  temperature  (7),  superimposed  with 
locations  of  tracer  particles  (black  dots)  injected  in 
fiont  of  the  side  jet  Oeft-hand  side),  and  the  mediane 
mole  fraction,  siqierimposed  with  vdodty  vectors 
(right-hand  side)  for  various  cases.  The  radial 
locations  of  the  flame  zone  ^dlow  dots)  determined  by 
the  temperature  peak  are  also  included  in  the  figures. 

Hgures  la  is  a  steaify-state  solution  under  the 
low  velocity  condition  for  cases  1  and  2.  The  flame 
zone  is  formed  (m  the  air  side  (r  -  6.8  mm  at  z  «  20 
mm)  of  die  dividing  streamline  (r  =  4.8  mm)  vriiich 
nearly  coincides  with  a  yellow  band  Qlau  «  0.4)  in  the 
methane  mole  fraction  mqqting.  Methane  molecules 
Effuse  raifially  in  the  diffirive  transport  layer  between 
the  dividing  streamline  and  the  flame  zone.  The  flame 
zone  is  inclined  outward  downstream  and  the 
streamlines  are  almost  parallel  to  the  jet  axis  near  the 
flame  zone,  and  thus,  the  external  fluid  passes  through 
the  flame  zone  with  a  narrow  angle  into  the  methane 
diffusion  layer.  Oxygen  difiiises  inward  from  the 
external  air.  If  die  reaction  rate  is  finite,  oxygmi  can 
leak  through  the  flame  zone  (Xca  *  0)  and  thus,  a 
convective  transport  of  oxygen  contributes  to  the 
oxygen  influx.  The  thermal  layer  near  the  flame  zone 


(between  cyan  bands  in  the  temperature  nuq^ing)  is 
relatively  thick  (~6  nun  at  z  =20  mm).  For  the  steady- 
state  solution  for  the  higb-velodty  condition  (not 
shown)  for  cases  3  and  4,  the  them^  layer  is  thinner 
(~  4.4  mm  at  z  =  20  mm). 

Figures  lb  through  le  show  sriected  results  d 
the  internal  side  jet  ejection  for  cases  1  through  3.  The 
tracer  particles  were  injected  in  front  of  the  side  jet  (at 
r  =  4.9  mm)  over  the  axial  distance  of  4  mm  at  every 
time  step.  Notice  diat  the  el^se  time  after  ^ectitm  (r) 
is  an  order  of  magnitude  longer  for  cases  1  and  2  (r  = 
2.13  ms)  than  case  3  (r  =  0.293  ms).  Despite  the 
difference  in  the  magnitude  of  side-jet  velodty  and,  in 
turn,  the  time  scale  d  the  process,  the  two  cases  show 
the  fcdlowing  common  features  in  the  flame  structures, 
because  the  vortex  system  formed  dominates  the  global 
flow  structure. 

As  a  j^-fluid  padcet  issues  fitmn  the  side  jet  in 
the  jet-fluid  core  toward  the  flame  surface,  a  sudden 
change  in  the  radial-vriodty  distribution  near  the 
edges  of  the  side  jet  induces  the  roU-iq)  (tf  fluid  and  the 
subsequent  fonnatitm  of  a  vortex  system  composed  of  a 
pair  of  counter-rotating  vortex  rings.  The  vortex 
system  grows  as  it  engulfs  surrounding  gases  and 
penetrates  into  a  Mgh-tmnpeiature  Otighly  viscous) 
layer  toward  the  flame  surflice.  The  vortex  structure 
rotates  as  a  whde  naturally  because  d  the  uneven 
axial-velodty  distribution  in  the  shear  layer,  e^tedally 
for  case  3  because  d  its  higher  velodty  gradient  The 
formatitm  of  the  vortex  structure  with  counter-rotating 
vortex  rings  and  die  subsequent  "solid-body"  rotation 
have  been  observed  experimentally  [16]. 

For  case  1  (Fig.  lb),  the  flame  zone  bulges  out 
as  the  vortex  system  moves  toward  the  flame  as  the 
uhole  iHOcess  occurs  in  one  order  of  magnitude  kmga^ 
time  than  case  3.  However,  the  vortex  loses  its  radial 
momoitum  without  causing  flame  extinction  and  drift 
away  downstream.  By  contrast,  in  case  2,  the  vortex 
fiirther  pushes  out  the  flame  zone  (Hg.  Ic)  until  local 
extinction  occur  at  die  leading  edge  d  the  bulged 
flame  zcme  (Fig.  1^.  For  case  3  (the  highest  FeX  k>cal 
extinction  occurred  as  the  vortex  rapidly  cuts  dirough 
the  thermal  layer  (Rg.  le).  Ctmsequmidy,  the  thermal 
layer  ahead  d  the  vortex  becomes  sigirificantiy  thin  as 
the  leading  edge  die  vortex  reaches  the  initial  flame 
surface  location.  Rgure  le  shows  large  values  of  the 
methane  mole  fiaction  in  the  vortex  system. 

Figure  If  shows  die  results  for  the  inwardly 
injected  external  vwtex.  Although  the  magnitude  Of 
the  side  jet  velodty  is  small  (4  m/s),  local  extincticm 
occurs  in  a  very  short  time  (-0.2  ms).  Since  die 
calculation  is  axisymmetric,  die  vortex  may  accelerate 
as  its  radial  location  decreases.  Moreover,  the  jet-fluid 
boundary  would  not  ddorm  as  die  vortex  pushes 
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inward  because  of  the  high  velocity  fuel  jet  Unlike  the 
flame  bulge  for  cases  1  and  2,  the  thermal  layer  cannot 
be  drfotmed  inward;  thus,  the  difiiisive  layer  becomes 
very  thin  as  the  vortex  ig)proaches  ^  jet-fluid 
boundary. 

Hgute  2  shows  the  radial  distributions  of  the 
axial  and  radial  vdodty  ccunponenls  akmg  the  vortex 
axis  with  the  eligise  time  as  a  parameter.  Large 
disturbances  in  both  comptments  are  generated  by  the 
formation  and  movement  of  die  vortex.  For  cases  2 
and  3  ^gs.  2a  and  2b),  die  native  axial  vdod^ 
regitm  is  created  because  of  the  solid-body  rotadon 
die  vortex.  For  case  4,  the  deviadou  from  the  steady- 
state  soludon  is  small  compared  to  case  3. 

Hgure  3  shows  the  radial  distribudons  d  the 
gas  temperature  and  spedes  mole  fracdons  fee  steady- 
state  soludtms.  Rv  both  low  (Fig.  3a)  and  high  (Fig. 
3b)  velod^  condidons,  the  peak  temperature  readied  a 
litdeover2(XX)K.  The  range  of  die  absdssa  is  adjusted 
in  the  figures  because  of  the  reduction  in  the  diermal 
layer  dikkness  for  the  high  vdodty  case  as  mentioned 
before.  The  variations  in  die  mote  fracdons  of  major 
and  minor  qiedes  show  ^ical  diflusim  flame 
structure  with  and  Xoca  peaks  odndde  with  the 
temperature  peak.  Xoo.  Xm,  and  Xem  peaks  (»  the 
fiiel  dde.  and  Xom  ^  and  Xo  peaks  on  the  air  ade. 
The  overlqped  distribudems  between  Xcm  and  Xos  as 
wdl  as  the  fuel-dde  and  air-dde  radicals  are  more 
evidmit  for  the  high  q)eed  condition,  indicating  a  more  . 
strained  oonditiem.  Hgure  3c  is  a  iqilot  of  the  results 
for  both  condititms  using  mixture  fraction.  The 
distributitws  of  T  and  Xi  *s  are  frdrly  coincident 
between  the  difiiereDt  conditions. 

Hgure  4  shows  the  results  after  the  dde  jet 
(jectitm  for  case  3.  The  height  is  diosen  to  nearly 
coindde  widi  the  height  of  local  extinction  (z  =  16 
mm).  At  an  earty  stage  (cf.  Hgs.  3b  and  4a),  the 
diermo-diffiisive  layer  near  the  flame  zone  becomes 
thin,  the  peak  temperature  decreased  to  >18(X)  K,  and 
the  overl^^g  between  Xom  and  Xos  as  wdl  as  die 
friel-dde  and  rdr-ade  radicals  are  nune  evidmiL  As  a 
result  of  large  methane  crmcentration  gradient  (and,  in 
turn,  flux)  in  front  of  die  teading  edge  of  the  vortex,  a 
wave  of  mediane  proceed  outward  (compare  die 
relative  location  of  Xcm  and  the  temperature  peak  in 
Hg.  4b).  Then,  the  peak  temperature  and  the  radical 
pool  concentration  (1^,  IQi,  and  Xo)  start  to  decrease. 
Methaie  (and  methyl  radical)  might  scavenge  the 
radical  pool  important  for  chain-faranching  reactions. 
At  the  very  last  stage  (Hg.  4c),  the  high-flux  mediane 
wave  reached  die  tempaatute  and  radical  pool  peak 
locations  QfcHt  0.1  at  die  temperature  peak).  Thus, 
die  combustion  process  can  no  h»ger  be  sustained 
under  sudi  omdition,  thereby  teading  to  extinctirm. 


Hgure  S  ^ws  die  results  for  the  inward  side 
jet  Section  fiv  case  4.  Although  the  magnitude  rtf  V,  is 
smaller  than  other  cases  frv  outward  Section,  the 
vortex-flame  interaction  proceeds  more  rrqiidly. 
Unlike  ambient  air,  inward  motion  is  limited  fua  the 
boundary  of  jet  fluid  which  is  moving  at  high 
velocities.  Thus,  if  the  vortex  penetrate  into  the 
thermal  layer  from  outside,  the  flame  zone  is  pushed 
toward  the  jet  fluid  boundary  and  lose  its  mobiliQr. 
Consequendy  dte  diffusive  transport  layer  becomes 
extremely  thin,  resulting  in  a  high  methane 
concentration  gradient  (see  Hg.  Sc)  and  the  local 
extinction  similar  to  outwmd  ejection  occur. 


CONCLUSIONS 

A  unique  numerical  experiment,  in  vdiich  a 
packet  d  jet  fluid  or  air  ejected  outward  or  inward, 
respectively,  toward  a  flame  zone,  has  illustrated 
essential  {riiysico-cfaeinical  processes  the  vortex- 
flame  intraactions  and  local  extinction  d  laminar 
diffusion  flames.  If  a  Pedet  number  is  small  (the  order 
of  ten  or  less),  the  vortex  system  pushes  out  die  flame 
surface  over  the  majori^  of  the  interaction  period.  If 
Pe  is  large  (die  order  hundred),  the  vortex  ^tem 
penetrates  into  the  high-terrqierature  (highly  viscous) 
layo*  with  a  sli^t  flame  movement,  lea^g  local 
flame  extinction.  Unsteady  extinction  juocess  is 
attributed  to  an  excess  flux  of  methane  which  purges  a 
radical  pool  and  halt  cmnlxistion  reactions. 
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Table  1  Test  Condittons 


Primary  Jet 

Annulus  Air 

Side  Jet 

Case  No. 

(m/s)  Veiodty  profile 

Vi  (m/s) 

Tg  (mm) 

Zg  (mm) 

Vg  (m/s) 

ts  (ms) 

Pe 

1 

IJ 

Parabolic 

1.5 

4.8 

14.2-16.5 

7 

0.5 

100 

2 

1.5 

Parabolic 

1.5 

4.8 

14.2-16.5 

14 

0.5 

220 

3 

15 

l/6“fli“power 

3 

4.8 

14i^l6.5 

20 

0.06 

260 

4 

15 

1/6-tili-power 

3 

9 

14.2-16.5 

-4 

0.06 

140 

(•)• 


F^.  2  Axial  and  radial  vdodty  omponaits  across  a  F|g.  3  Temperature  and  mole  fkactions  across  a 
mediane  Jet  flame  irith  a  side  Jet.  a)  Case  2,  z  -  '  methane  Jet  flame  (f  s  Os),  a) Case  2,  z  »  185  nun. 
185nini.  b) Case 3, zs  10 mm.  c)Case4}Zsl8mni.  b) Cases 3, z^  10 mm.  c) Wifli ndxture fra^on. 
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Unsteady  chemical  kinetic  effects  on  the  dynamics  of  local  extinction  of  laminar  methane  jet  diffusion 
flames  have  been  studied  by  direct  numerical  simulations  in  which  an  artificial  vortex  issues  radially  from 
either  fuel-jet  core  or  ambient  air  toward  the  flame  zone.  The  simulations  were  motivated  by  experimental 
observations  of  naturally  forming. internal  and  external  shear-generated  vortices  that  interfere  with  the 
flame  zone.  A  time-dependent,  axisymmetric,  implicit,  third-order  accurate  numerical  model  is  used  with 
variable  transport  properties  and  a  semidetailed  chemical  kinetic  model.  A  packet  of  fluid  (with  a  local 
composition)  is  ejected  outward  or  inward  as  a  single-pulsed  side  jet  at  a  given  ejection  velocity  and  period. 
A  vortex  system  with  a  pair  of  counterrotating  toroidal  vortex  rings  is  formed  and  perietrated  into  the  high- 
temperature  viscous  layer.  The  unsteady  vortex-flame  interaction  is  divided  into  three  sequential  and  over¬ 
lapping  regimes  based  on  the  controlling  processes;  diffusion,  convection,  and  chemical  kinetics.  In  the 
first  two  physical  interaction  regimes,  the  reaction  and  heat-release  rates  increase  because  of  increased 
reactant  fluxes  by  diffusion  and  convection.  The  detailed  mechanisms  of  the  final  chemical-kinetic-con- 
trolled  regime  depend  on  whether  the  vortex  is  ejected  from  the  fuel  side  or  air  side.  The  local  extinction 
by  the  outward  foel-side  vortex  is  largely  attributable  to  excess  fluxes  of  methane  and  methyl  radicals, 
which  scavenge  a  radical  pool  (OH,  H,  and  O),  thereby  terminating  chain  reactions.  The  inward  air-side 
vortex  induces  an  excess  oxygen  flux  primarily  by  convection,  thereby  accelerating  the  reactant  leakage 
through  the  reaction  zone  and  the  temperature  decrease. 


Introduction 

Extinction  of  diffusion  flames  has  long  been  stud¬ 
ied  predominantly  in  steady  laminar  counterflow  dif¬ 
fusion  flames  [1,2]  since  a  pioneering  work  by  Tsuji 
and  Yamaoka  [3].  Stretch-induced  flame  extinction 
occurs  as  a  result  of  reduced  Damkholer  number 
(i.e.,.  the  ratio  of  a  characteristic  flow  [or  diffusion] 
time  to  reaction  time)  and  subsequent  decrease  in 
the  flame  temperature  and  reaction  rates.  Although 
the  phenomenon  is  well  understood  in  a  global  sense 
for  its  simple  chemistry  and  flow  configurations,  var¬ 
ious  aspects  of  the  subject  need  further  investiga¬ 
tion.  The  laminar  flamelet  model  [4]  assumes  that 
turbulent  diffusion  flames  are  composed  of  ensem¬ 
bles  of  wrinkled,  moving,  laminar  diffusion  flame 
sheets  and  that  sufficiently  high  strain  rates  (velocity 
gradients)  cause  local  flamelet  extinctions.  Hence, 
questions  arise  as  to  how  the  structure  of  the  laminar 
flamelets  changes  in  response  to  local  turbulent  mo¬ 
tions  and  whether  the  results  obtained  in  steady  (and 


stationary)  counterflow  diffusion  flames  are  appli¬ 
cable  to  such  flamelet  extinction.  Complexities  in 
practical  turbulent  flames  stem  from  three-dimen¬ 
sional,  transient,  turbulence-flame  interactions  in¬ 
cluding  the  effects  of  strain  rate,  unsteadiness,  flame 
curvature,  and  chemical  kinetics.  Although  some  of 
these  effects  on  diffusion  flame  extinction  have  re¬ 
ceived  increased  attention  in  recent  years  [5-9],  lit¬ 
tle  is  known  about  unsteady  chemical  kinetic  effects 
on  the  interactions  between  vortices  and  flame  zone 
that  eventually  lead  to  local  extinction. 

As  the  fuel  jet  velocity  is  increased  in  a  jet  diffu¬ 
sion  flame,  local  extinction  occurs  near  the  laminar- 
to-turbulent  flame  transition  point  as  a  result  of  vor¬ 
tex-flame  interactions  [10-14].  A  series  of  recent 
experiments  [15-18]  in  methane  jet  diffusion  flames 
using  a  variety  of  laser  diagnostic  techniques  re¬ 
vealed  that  local  extinction  occurred  in  two  stages; 
physical  and  chemical  interactions.  The  physical  in¬ 
teraction  is  caused  mainly  by  convective  motions; 
that  is,  the  internal  large-scale  vortex  rapidly  reaches 
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TABLE  1 
Test  conditions 


Case 

No. 

(m/s) 

(m/s) 

V. 

(m/s) 

ts 

(ms) 

?e 

1 

1.5 

1.5 

7 

0.5 

100 

2 

1,5 

1.5 

14 

0.5 

220 

3 

15 

3 

20 

0.06 

260 

4 

15 

3 

-4 

0.06 

140 

the  flame  zone  location  or  the  external  vortex  accel¬ 
erates  the  entrainment  flow  passing  through  the 
flame  zone  [18].  The  chemical  interaction  in  the  final 
stage  is  speculated  [16]  to  be  coupled  with  an  excess 
fuel  diffusion  process  but  is  largely  unknown  due  to 
lack  of  knowl^ge  of  temporal  variations  in  the  con¬ 
centrations  of  species,  particularly  radicals. 

Recent  development  of  numerical  codes  for  study¬ 
ing  various  aspects  of  transient  behaviors  of  flames 
[19-21]  has  enabled  us  to  simulate  more  challenging 
numerical  experiments  with  sufficiently  high  accu¬ 
racy.  The  physical  aspect  of  vortex-flame  interactions 
were  studied  previously  [22]  by  assuming  infinitely 
fast  one-step  chemici  kinetics  and  unity  Lewis 
number.  An  attempt  was  made  to  simulate  the  tran¬ 
sient  response  of  a  laminar  flame  zone  to  an  artificial 
vortex  that  issues  from  a  side  jet.  Although  the  fluid 
dynamic  and  transport  phenomena  of  vortex-flame 
interactions  have  been  simulated  successfully,  the 
fast  chemistry  model  prohibited  further  investiga¬ 
tion  of  the  chemical  aspect  of  local  extinction  phe¬ 
nomena.  A  semidetailed  chemical  kinetic  model  for 
methane  combustion  has  recently  been  incorporated 
into  the  code  and  validated  [23]  using  the  experi¬ 
mental  results  of  counterflow  diffusion  flames  [8].  In 
this  work,  the  first  numerical  experiments  were  con¬ 
ducted  on  the  local  extinction  of  diffusion  flames 
caused  by  an  artificial  vortex  that  issues  from  the 
fuel-jet  core  or  ambient  air.  The  primary  objectives 
of  this  study  are  (1)  to  reveal  physical  and  chemical 
aspects  of  local  extinction  caused  by  vortex-flame  in¬ 
teractions  (particularly  the  effects  of  unsteadiness 
and  chemical  kinetics  in  nonstationaiy  flames)  and 
(2)  to  contribute  to  a  better  understanding  and  fur¬ 
ther  development  of  laminar  flamelet  models  for  tur¬ 
bulent  diffusion  flames. 


Numerical  Models 

Time-dependent  governing  equations,  expressed 
in  cylindrical  coordinates,  consist  of  mass  continuity, 
axial  and  radial  momentum  conservation,  energy 
conservation,  and  species  conservation  equations 
with  the  equation  of  state  [20].  A  body-force  term 


caused  by  the  gravitational  field  is  included  in  the 
axial  momentum  equation.  A  semidetailed  chemical 
kinetic  model  [24],  including  52  elementary  steps  for 
17  species  (CH4,  O2,  CH3,  CH^,  CH,  CH2O,  CHO, 
CO2,  CO,  H2,  H,  O,  OH,  H2O,  HO2,  H2O2,  and  N2), 
is  used  to  describe  CH4-O2  combustion.  Thermo- 
physical  and  transport  properties  are  considered  to 
vary  with  temperature  and  species  concentrations. 
Enthalpy  of  each  species  is  ciculated  from  polyno¬ 
mial  curve  fits,  while  the  viscosity  of  the  individual 
species  is  estimated  from  Chapman-Enskog  colli¬ 
sion  theory  [25].  The  binary  diffiision  coefficient  be¬ 
tween  any  two  species  is  estimated  by  the  Chapman- 
Enskog  theory  and  the  Lennard-Jones  potentials 

[25] ,  and  the  effective  diffusion  coefficient  of  each 
species  in  the  mixture  is  calculated. 

The  finite-difference  form  of  the  governing  equa¬ 
tions  is  constructed  on  a  staggered  grid  system  based 
on  an  implicit  QUICKEST  numerical  scheme.  It  is 
third-order  accurate  in  both  space  and  time  and  has 
a  very  low  numerical  diffusion  error.  At  every  time 
step,  the  pressure  field  is  accurately  calculated  by 
simultaneously  solving  the  S5^tem  of  algebraic  pres¬ 
sure  Poisson  equations.  The  computational  domain 
of  150  X  60  mm  in  axial  (z)  and  radial  (r)  directions, 
respectively,  is  represented  by  a  mesh  system  of  241 
X  71.  The  inner  diameter  of  the  fuel  tube  {d  =  9.6 
mm)  is  close  to  that  used  in  the  experiments  [15]. 
Grid  lines  are  clustered  near  the  burner  lip  and  side 
jet  locations.  The  initial  and  boundary  conditions  for 
the  axial  and  radial  velocities  and  species  and  energy 
at  different  flow  boundaries  are  similar  to  the  pre¬ 
vious  work  [22]  except  for  the  increased  number  of 
species  in  the  present  calculations. 

The  test  cases  reported  in  this  paper  are  listed  in 
Table  1.  Cases  1  and  2  represent  a  laminar  jet  dif¬ 
fusion  flame  with  low  velocities  of  the  primary  jet 
(IJj)  and  annulus  air  (14).  At  the  grid  points  within 
the  side  jet,  the  radial  component  of  the  local  veloc¬ 
ity  is  replaced  by  scalar  variables  are 

maintained  at  the  local  values  for  a  time  period  4. 
The  primary  jet  has  a  parabolic  velocity  distribution, 
representing  the  fully  developed  laminar  pipe  flow. 
The  radial  location  of  the  side  jet  (r^  =  d/2)  is  nearly 
coincident  with  a  dividing  streamline  between  the 
jet  and  external  fluids,  and  the  height  of  the  side  jet 
is  z  =  14,2  ^  16.5  mm.  Case  3  represents  a  flame 
with  higher  jet  velocities  in  consideration  of  a  nat¬ 
urally  forming  radial  mass  ejection  observed  in  tur¬ 
bulent  flames  [12,15,16].  Case  4  represents  a  con¬ 
dition  in  which  a  vortex  is  ejected  inward  from 
outside  the  flame  (Vy  <  0).  For  cases  3  and  4,  the 
velocity  distribution  of  the  primary  jet  is  given  by 
using  die  empirical  equation  of  the  1/nth  power  law 

[26]  for  die  fully  developed  turbulent  pipe  flow  with 
the  exponent  n  =  6  for  a  moderate  Reynolds  num¬ 
ber  (although  the  simulation  considers  laminar  flows 
only). 
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Fig.  I.  Calculated  temperature,  mole  firi^ons,  molar  production  rates,  and  heat-release  rate  across  a  stea(fy-state 
methane  jet  diffusion  flame  (f  =  0  s);  (a)(b)  case  2,  z  =  18.5  mm;  (c)(d)  case  3,  z  =  16  mm. 


A  Peclet  number  for  mass  transfer  related  to  tbe 
side  jet  ejection  defined  previously  [22]  is 

Pe  =  =  WD  (1) 

where  is  the  characteristic  diffusion  time,  is 
the  characteristic  convection  time  for  vortex  motion, 
5^1  is  the  diffusive  transport  layer  thickness,  is  the 
radial  mass  ejection  velocity,  and  D  is  the  diffusion 
coefficient.  The  values  of  Pe  determined  by  substi¬ 
tuting  (vf  —  Ty)  at  f  =  0  for  Sfi  (jy  is  the  radial  flame 
location)  and  are  listed  in  Table  1. 


Results  and  Discussion 

A  steady-state  solution  for  the  diffusion  flame 
structure  without  a  side  jet  was  obtained  first  by  nu¬ 
merous  (typically  several  tens  of  thousands)  iterative 
calculations  using  a  long  time  step.  By  using  the 
steady-state  solution  as  the  initial  condition,  the  tem¬ 
poral  changes  in  the  flame  structure  in  response  to 
the  side  jet  ejection  were  calculated  using  a  short 
time  step.  Figure  1  shows  the  radial  distributions  of 
the  gas  temperature  (T),  the  mole  fraction  of  species 


i  (Xi),  the  net  rate  of  molar  production  of  species  i 
{(Oi)y  and  the  net  rate  of  heat  release  {q)  for  steady- 
state  solutions  for  the  conditions  of  low  velocities 
(case  2)  and  high  velocities  (case  3).  In  both  cases, 
the  flame  structure  is  typical  of  laminar  diffusion 
flames.  The  flame  zone  is  formed  on  the  air  side  of 
the  dividing  streamline  (r  4.8  mm).  The  variations 
in  the  mole  fractions  of  major  and  minor  species  (see 
Figs,  la  and  Ic)  show  that  the  temperature  peak 
coincides  with  the  ■^HzO  peak  in  the  region  where 
^CH4»  and  Xq2  vanish.  The  Xch3>  ^H2»  and  Xqo  peaks 
are  slightly  on  the  fuel  side,  and  the  Xqq^,  Xh,  Xqh^ 
and  Xq  peaks  are  on  the  air  side.  On  the  fuel  side, 
methane  moleciJes  diffuse  radially  based  on  its  con¬ 
centration  gradient  in  the  diffusion  layer  between 
the  dividing  streamUne  and  the  flame  zone.  In  the 
high-temperature  layer,  methane  decomposes  to 
methyl  radical  by  the  fuel  pyrolysis  and  dehydroge¬ 
nation  by  radical  species  (OH  and  H)  that  produce 
H2O  and  H2,  respectively  (see  Figs,  lb  and  Id).  On 
the  air  side,  oxygen  molecules  diffuse  inward  based 
on  its  concentration  gradient.  Because  the  flame 
zone  is  inclined  slighfly  outward  downstream  and 
the  streamlines  are  inost  parallel  to  the  jet  axis  near 
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Fig.  2.  Color^coded  mapping  of  lemperahire  field  with  injected  particle  image  (left  side),  methane  mole  fraction  field, 
and  velocity  vector  field  (right  side)  in  a  methane  jet  diffusion  flame  with  a  side  jet;  (a)  case  1,  i  ”  2.13  ms;  (b)  cjtse  2, 
/  —  24,3  ms;  (c)  case  3,  t  -  0.293  ms;  (d)  case  4,  f  =  1.17  ms.  Temperature  scale  (maximum):  {a)(b)  2160  K,  (c)(d) 
2050  K. 


the  dame  zone,  the  external  fluid  passes  through  the 
flame  zone  with  a  narrow  angle  into  the  methane 
diffusion  layer.  Since  the  reaction  rates  are  finite, 
oxygen  can  leak  through  the  flame  zone  (Xo,  ^  0) 
and,  thus,  a  t^onvective  transport  cx)ntributes  to  the 
total  oxygen  influx.  In  the  higli-temperature  layer  on 
dre  air  side,  radical  species  (OH  and  O)  are  gener¬ 
ated  from  O2  and  H2  (Figs,  lb  and  Id).  Since  awol 
of  radical  species  (OH,  II,  and  O)  is  amsumed  by 
metbane  and  methyl  radicals  on  tlie  fuel  side,  a  ma¬ 
jor  heat-release  step  of  CO  oxidation  by  OH  radicals 
occurs  mainly  on  the  air  side. 

For  the  liigh-velocity  condition  (Figs.  Ic  and  Id), 
the  peak  temperature  is  lower  (2010  K)  than  that 


under  the  low-velocity  condition  (Figs,  la  and  Ib; 
2140  K),  the  high-temperature  layer  is  thinner,  and 
the  leakage  of  reactants  through  the  reaction  zone  is 
more  evident  as  a  result  of  finite-rate  chemistryMin- 
der  a  more  strain (^d  condition. 

Figure  2  shows  color-coded  mappings  of  the  cal- 
C'ulated  gas  temperature  superimposed  with  loca¬ 
tions  of  tracer  particles  (black  dots)  injected  in  front 
of  the  side  jet  (left-hand  side)  and  the  methane  mole 
fraction  superimposed  with  velocity  vectors  (right- 
hand  side).  The  radial  locations  of  the  flame  zone 
(yellow  dots)  determined  by  the  temperariire  peak 
are  also  included  in  the  figures.  Notice  that  the 
elapsed  time  after  ejection  {t)  is  an  order  of  magni- 
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Fig.  3.  Calculated  temperature,  mole  fractions,  molar  production  rates,  and  heat-release  rate  across  a  methane  jet 
diffusion  flame  with  a  side  jet  case  3,  z  =  16  mm;  (a)(b)  t  “  0.205  ms;  (c)(d)  t  =  0.264  ms. 


tude  longer  for  cases  1  and  2  (Figs.  2a  and  2b)  than 
for  case  3  (Fig.  2c).  Despite  the  difference  in  the 
magnitude  of  side  jet  velocity  and,  in  turn,  the  time 
scale  of  the  process,  the  low-  and  high-velocity  cases 
show  the  following  common  features  in  the  flame 
structures,  because  the  large-scale  vortex  formed 
dominates  the  global  flow  structure.  As  the  side  jet 
issues  from  the  jet  fluid  core  toward  the  flame  sur¬ 
face,  a  sudden  change  in  the  radial-velocity  distri¬ 
bution  near  the  edges  of  the  side  jet  induces  the  roll¬ 
up  of  the  neighboring  fluid  and  the  subsequent 
formation  of  a  vortex  system,  composed  of  a  pair  of 
counterrotating  vortex  rings.  The  vortex  system 
grows  as  it  engulfs  surrounding  gases  and  penetrates 
into  a  high-temperature  (highly  viscous)  layer  toward 
the  flame  zone.  The  vortex  structure  rotates  as  a 
whole  naturally  because  of  the  uneven  axial-velocity 
distribution  in  the  shear  layer,  especially  for  case  3 
because  of  its  higher  velocity  gradient.  The  forma¬ 
tion  of  the  vortex  structure  with  coimterrotating  vor¬ 
tex  rings  and  the  subsequent  rigid-body  rotation 
have  also  been  observed  experimentally  [17]. 

For  case  1  (Fig.  2a),  the  flame  zone  bulges  out  as 
the  vortex  system  moves  toward  the  flame.  Conse¬ 


quently,  the  thermal  layer  ahead  of  the  vortex  be¬ 
comes  significantly  thin  as  the  leading  edge  of  the 
vortex  (i.e.,  the  outermost  point  of  the  injected  par¬ 
ticles)  reaches  the  initial  flame  surface  location. 
However,  the  vortex  loses  its  radial  momentum  and 
drifts  away  downstream.  By  contrast,  in  case  2  (Fig. 
2b),  the  vortex  further  pushes  out  the  flame  zone 
until  local  extinction  occurs  near  the  leading  edge  of 
the  bulged  flame  zone.  For  case  3  (Fig.  2c),  local 
extinction  occurs  as  the  vortex  rapidly  cuts  through 
the  thermal  layer.  Figure  2c  shows  large  values  of 
the  methane  mole  fraction  in  the  interior  of  the  vor¬ 
tex  system. 

Figure  2d  shows  the  results  for  the  inwardly  in¬ 
jected  external  vortex.  Although  the  magnitude  of 
the  side  jet  velocity  is  small  (4  m/s),  local  extinction 
occurs.  Since  the  calculation  is  axisymmetric,  the 
vortex  may  accelerate  as  its  radial  location  decreases. 
Moreover,  the  jet  fluid  boundary  does  not  deform  as 
the  vortex  proceeds  inward  because  methane  flows 
at  relatively  high  velocities  inside  the  dividing 
streamline.  Unlike  the  flame  bulge  observed  in  cases 
1  and  2,  the  thermal  layer  cannot  intrude  into  the 
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Fig.  4.  Calculated  temperature,  mole  fractions,  molar  production  rates,  and  heat-release  rate  across  a  methane  jet 
diffusion  fiame  with  a  side  jet;  case  4,  z  =  18  mm;  (a)(b)  t  —  0.733  ms;  (c)(d)  t  —  1.026  ms. 


jet  core;  thus,  the  diffusive  layer  becomes  very  thin 
as  the  vortex  approaches  the  jet  fluid  boundary. 

Figure  3  shows  the  temporal  changes  in  the  struc¬ 
ture  of  a  methane  fiame  with  a  side  jet  in  case  3. 
The  height  chosen  for  the  profile  plots  (z  =  16  mm) 
is  nearly  coincident  with  the  height  of  the  leading 
edge  of  the  vortex  near  which  local  extinction  occurs. 
At  f  =  0.205  ms  (Fig.  3a),  the  thermodiffusive  layer 
near  the  fiame  zone  becomes  thin  compared  to  the 
steady-state  condition  (Fig.  Ic),  the  methyl  radical 
concentration  increases  significantly,  the  peak  tem¬ 
perature  decreases  to  '^ITOO  K,  and  the  reactant 
leakage  is  more  evident  (overlapping  at  Xch4  “ 
X02  0.03).  As  a  result  of  a  significant  increase  in 

the  methane  concentration  gradient  and,  in  turn,  the 
methane  fiux  in  front  of  the  leading  edge  of  the  vor¬ 
tex,  the  molar  production  rates  and  heat-release  rate 
(Fig.  3b)  increase  by  an  order  of  magnitude  com¬ 
pared  to  those  before  vortex  ejection  (Fig.  Id).  As 
the  wave  of  high  methane  concentration  front  pro¬ 
ceeds  outward  (Figs.  3c  and  3d),  methane  and 
methyl  radicals  scavenge  and  vanish  the  radical  pool 
(XoH.  which  is  critical  for  H2-O2  chain¬ 

branching  reactions.  The  methane  and  oxygen  leak¬ 
age  increases  (Xch4  —  ^02  0.07),  the  peak  tem¬ 


perature  decreases  (-1400  K),  and  the  heat  release 
ceases.  Thus,  the  combustion  process  can  no  longer 
be  sustained  under  such  conditions,  thereby  leading 
to  extinction. 

Figure  4  shows  the  results  for  the  inward  side  jet 
ejection  for  case  4.  Although  the  magnitude  of  die 
side  jet  ejection  velocity  is  significantly  smaller  than 
that  in  case  3,  the  vortex-fiame  interaction  and  local 
extinction  processes  occur  more  gradually.  There  are 
similarities  and  distinct  differences  in  the  interaction 
phenomena  between  the  inward  and  outward  ejec¬ 
tions.  As  the  vortex  pushes  the  flame  zone  inward 
(Fig.  4a),  the  reactant  leakage  increases  and  the  peak 
temperature  decreases  as  seen  in  the  outward  case. 
However,  the  methyl  radical  concentration  does  not 
increase  much  and  the  gradients  ofXcH4  aiidXoa  are 
significantiy  smaller  (Figs.  4a  and  4c),  yet  the  ox)^en 
penetrates  deeper  onto  the  fuel  side  compared  to 
the  outward  ejection  (Figs.  3a  and  3c).  Unlike  the 
outward  vortex  motion  toward  ambient  air,  the  in¬ 
ward  motion  is  limited  by  the  boundary  of  jet  fluid 
that  is  flowing  at  high  axial  velocities,  and  ihus,  the 
vortex  nearly  cuts  through  the  fiame  zone  (Fig.  2d). 
At  the  final  stage  (Figs.  4c  and  4d),  the  radicd  pool 
disappears  and  exothermic  reactions  stop. 
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Fig.  5.  Total  molar  flax  fields  of  species  in  a  methane  jet  diffusion  flame  with  a  side  jet;  (a)(d)  methane  and  oxygen, 
(b)(e)  methyl  radical,  and  (c)(f)  hydroxyl  radical;  (aHc)  case  3,  (dHO  case  4. 

Although  the  plots  of  the  mole  fractions  and  pro-  5  shows  the  total  (diffusion  plus  convection)  molar 
duction  rates  show  the  flame  structure  in  a  static  flux  vector  fields  of  selected  species  (methane,  oxy- 
manner,  the  dynamic  two-dimensional  transport  and  gen,  methyl,  and  hydroxy!  radicals),  superimposed 
kinetic  phenomena  need  to  be  revealed  by  examin-  with  the  isotherms.  In  the  case  of  outward  ejection 
ing  the  species  (and  heat)  flux  vector  fields.  Figure  (Figs.  5a  through  5c),  significant  fluxes  of  methane 
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Fig.  6.  Temporal  variations  in  the  peak  temperature,  full 
width  at  half  peak  temperature,  and  peak  heat-release  rate 
across  a  methane  jet  diffusion  flame  with  a  side  jet  at  a 
height  near  extinction;  (a)  case  3,  (b)  case  4. 


Strained,  the  reactant  leakage  through  the  reaction 
zone  increases,  and  the  flame  temperature  de¬ 
creases.  However,  the  reactant  concentration  gradi¬ 
ents  and,  in  turn,  fluxes  into  the  flame  zone,  increase, 
and  the  reaction  and  heat-release  rates  gradually  in¬ 
crease.  As  the  reactant  leakage  increases  {Xch4  and 
X02  ^  0  in  the  reaction  zone),  the  convective  con¬ 
tribution  to  the  total  reactant  fluxes  becomes  signifi¬ 
cant.  In  the  convection-controlled  regime,  the  con¬ 
vective  contribution  to  the  reactant  fluxes  and,  in 
turn,  the  reaction  and  heat-release  rates  increase 
more  rapidly.  However,  because  of  the  finite-rate 
chemistry,  there  is  an  upper  limit  to  how  much  re¬ 
actant  can  be  consumed  in  the  reaction  zone.  Thus, 
chemical  kinetics  begin  to  control  the  |>rocess.  In  the 
last  chemicai-kinetic-controlled  regime,  the  rate  of 
decrease  in  the  diffusion  layer  thickness  becomes 
small,  while  the  peak  temperature  and  the  heat-re- 
lease  rate  drop  rapidly.  The  detailed  chemical  kinetic 
processes  leading  to  extinction  are  different  in  the 
outward  and  inward  ejection  cases  as  described  pre¬ 
viously. 


and  methyl  radical  rush  into  the  flame  zone  by  both 
diffusion  and  convection.  The  flux  of  hydroxyl  radi¬ 
cals,  produced  on  the  air  side  of  the  peak  tempera¬ 
ture  and  diffused  both  inward  and  outward  in  the 
steady-flame  region,  is  small  in  the  near-extinction 
flame  zone  as  a  result  of  scavenging  by  the  methane 
and  methyl  radicals.  In  the  case  of  inward  ejection 
(Figs.  5d  through  5f),  the  methane  flux  into  the 
flame  zone  is  an  order  of  magnitude  lower  than  that 
for  the  outward  ejection,  whereas  the  oxygen  flux 
(mainly  by  convection)  toward  the  flame  zone  is  an 
order  of  magnitude  larger.  The  methyl  and  hydroxyl 
radical  fluxes  even  point  inward  from  the  near-ex- 
tinction  flame  zone,  showing  distinctive  differences 
compared  to  the  outward  ejection  case.  Thus,  for  the 
inward  ejection,  the  oxygen  leak  through  the  reac¬ 
tion  zone  and  the  subsequent  temperature  decrease 
caused  by  reduced  exothermic  reactions  play  a  sig¬ 
nificant  role  in  local  extinction. 

Figure  6  shows  the  temporal  variations  in  the  peak 
temperature  (TV),  full  width  at  half  peak  temperature 
(St),  and  peak  heat  release  rate  (qf)  for  the  outward 
and  inward  ejection  (cases  3  and  4).  The  heat-re¬ 
lease-rate  curves  for  both  cases  show  two  noticeable 
turning  points  {t  ««  0.06  ms  and  r  «  0.16  ms  for  case 
3;  t  *=«  0.3  ms  and  t  ^  0.7  ms  for  case  4).  Thus,  the 
unsteady  vortex-flame  interactions  can  be  divided 
into  three  sequential  and  overlapping  regimes  based 
on  the  controlling  processes:  (Miision,  convection, 
and  chemical  kinetics.  In  the  early  diffusion-con¬ 
trolled  regime,  the  diffusion  layer  thickness  (repre¬ 
sented  by  Sx)  decreases  rapiiy  as  the  vortex  ap¬ 
proaches  the  flame  zone.  The  flame  zone  is  more 


Conclusions 

A  unique  numerical  experiment,  in  which  a  packet 
of  fluid  is  ejected  outward  or  inward  toward  a  flame 
zone,  illustrated  essential  physical  and  chemical  as¬ 
pects  of  unsteady  vortex-flame  interactions  and  local 
extinction  of  laminar  methane  jet  diffusion  flames. 
The  unsteady  vortex-flame  interactions  leading  to 
extinction  can  be  divided  into  three  regimes  de¬ 
pending  on  the  dominant  process:  diffusion,  convec¬ 
tion,  and  chemical  kinetics.  The  first  two  regimes  are 
primarily  physical  vortex-flame  interactions.  During 
the  physical  interaction  stage,  if  a  Peclet  number  is 
suflSciently  large  (on  the  order  of  100),  the  vortex 
system  penetrates  into  the  high-temperature  (highly 
viscous)  layer  with  a  slight  flame  movement,  thus 
rapidly  thinning  the  thermodiffusive  layer.  The  re¬ 
actant  leakage  fiirough  the  reaction  zone  increases, 
the  flame  temperature  gradually  decreases,  and  the 
heat-release  rate  increases  by  enhanced  diffusion  in 
the  early  regime  and  then  by  convection.  In  the  final 
chemical  kinetic  regime  for  the  outward  vortex  ejec¬ 
tion,  an  excess  influx  of  methane  and  methyl  radicals 
scavenge  radicals  (OH,  H,  and  O)  and  terminate  ex¬ 
othermic  oxidation  reactions  of  intermediate  species 
(H2  and  CO).  For  the  inward  ejection,  the  convec¬ 
tive  contribution  to  the  oxygen  flux  is  responsible 
for  the  excessive  reactant  leakage,  leading  to  extinc¬ 
tion. 
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COMMENTS 


Mitchell  Smooke,  Yale  University,  USA  In  your  two-di¬ 
mensional  counterflow  calculations,  it  was  not  clear  what 
boundary  conditions  were  employed  in  the  radial  direction. 
Could  you  comment  on  this? 

Also,  what  conditions  were  imposed  on  the  velocities  (ra¬ 
dial  and  axial)  at  the  base  of  the  two  jets? 

Authors  Reply.  The  two-dimensional  computer  code 
used,  including  its  chemistry  model,  has  been  validated 
[23]  by  simulating  an  axisymmetric  counterflow  diffusion 
flame  prior  to  the  present  numerical  experiment  on  the 
unstesdy  extinction  of  jet  diffusion  flames.  In  the  two-di¬ 
mensional  counterfiow  flame  calculations,  wei^ted  first- 
and  second-order  extrapolations  were  used  for  the  outflow 
boundary  conditions  in  the  radial  direction.  In  addition,  to 


reduce  the  influence  of  errors  in  the  boundary  conditions 
on  the  flame  structure,  the  outflow  boundary  was  located 
at  50  nozzle  radii  in  the  radial  direction.  An  identical  ex¬ 
trapolation  scheme  was  used  for  the  axial  outflow  boundary 
in  the  present  jet  diffusion  flame  calculations. 

For  the  boundary  conditions  at  the  fuel  and  air  jet  nozzle 
exits  in  the  counterfiow  diffusion  flame  calculations,  fiat 
axial  and  null  radial  velocity  profiles  (plug  flow)  were  im¬ 
posed. 

• 

Habib  N.  Nqfm,  Sandia  National  Laboratones,  USA  The 
plots  of  concentrations  and  production/consumption  rates 
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in  the  reported  fiame-vortex  interaction  results  show  a  veiy 
jagged  representation  of  the  flame  structure.  This  suggests 
that  the  flame  structure  is  not  well  resolved.  Even  though 
this  implicit  scheme  is  stable  under  these  conditions,  the 
results  seem  to  suffer  from  excessive  truncation  error,  and 
are  therefore  questionable.  A  grid  refinement  study  should 
help  resolve  this  issue. 

Authors  Rsply.  In  the  counterflow  diffusion  flame  cal¬ 
culations  [23]  for  the  model  validation,  the  flame  structures 
under  near-extinction  conditions  obtained  with  0.2-mm 
and  0.04-mm  spacing  were  found  to  be  identical.  The  grid- 
independent  results  obtained  with  this  code  with  reason¬ 
ably  coarse  grids  may  be  attributed  to  the  implicit  proce¬ 
dures  used.  Implicit  schemes  not  only  improve  stability  but 
also  allow  huger  time  and  spatial  steps  without 


loss  of  accuracy  compared  to  those  allowed  by  explicit 
schemes. 

In  the  present  jet  flame  calculations,  a  fixed  mesh  system 
with  a  varied  grid  spacing  in  the  axial  and  radial  directions 
was  used.  For  the  fhel-side  vortex  ejection,  local  extinction 
occurred  when  the  flame  zone  was  pushed  radially  outward 
into  the  grid  zone  where  the  grid  spacing  was  0.2  mm. 
Although  the  jagged  profiles  associated  with  the  0.2-mm 
grid  spacing  are  shown  in  Fig.  3,  we  believe  that  the  results 
have  not  suffered  from  any  truncation  error  as  demon¬ 
strated  in  the  counterflow  c^culations.  For  the  air-side  vor¬ 
tex  ejection,  the  flame  zone  moved  into  a  zone  where  the 
grid  spacing  was  0.4  mm  (Fig.  4).  Although  a  finer  grid 
spacing  mi^t  be  desirable  for  this  case,  the  qualitative  na¬ 
ture  of  the  extinction  mechanisms  proposed  should  stfll  be 
valid. 
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Abstract 

The  detailed  structure  of  the  stabilizing 
region  of  methane  jet  diffusion  flames  has  been 
studied  numerically.  A  time-dependent, 

axisymmetric,  in:q)licit,  third-order  accurate 
numerical  model  was  used  with  variable  properties 
and  a  semi-detailed  chemical  kinetic  model.  Stable 
flames  under  three  differoit  flow  conditions  along  the 
stability  curve  (determined  experimentally)  were 
simulated.  At  the  highest  coflow  air  and  lowest  fuel 
jet  velocity  condition,  the  flame  base  shifted  ~3  mm 
downstream  from  the  burner  rim,  extending  the  dark 
space  between  the  flame  base  and  the  rim,  as  exactly 
observed  experimentally.  The  heat-release  and 
species  reaction  rates  exhibited  sharp  peaks  at 
relatively  low  flame  temperatures  in  the  base  region 
of  the  diffusion  flame  zone.  This  highly  reactive  zone 
provides  a  continuous  ignition  source  against  the 
incoming  flow,  thus  holding  the  rest  of  the  flame. 
The  reactive  spot  is  formed  mainly  because  of  the 
geometric  configuration  (end  effect),  which  allows 
diffusion  of  radical  species  back  into  surrounding 
oxygen  field.  Partial  fiiel-air  premixing  in  the 
extended  dark  space  also  contributes  to  the  increased 
size  of  the  reactive  zone  and  the  peak  rate  values. 

INTRODUCTION 

The  flame  stability  phenomena  are  of  both 
fundamental  and  practical  importance  because  they 
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define  operational  boundaries  of  combustion  systems 
and  they  relate  to  the  effective  use  of  chemical 
energy.  Unfortunately,  stability  mechanisms  of 
diffusion  flames  are  less  understood  than  those  of 
premixed  flames  largely  because  a  characteristic 
parameter  that  reflects  the  reaction  rates,  such  as  the 
burning  velocity  of  premixed  flames,  does  not  exist  in 
diffusion  flames.  This  is  because  the  actual  reaction 
rates  in  diffusion  flames  are  limited  by  the  transport 
rates  of  reactants,  which  depend  on  the  flame 
structure.  Furthermore,  partial  fuel-air  premixing  in 
the  dark  space  between  the  diffusion  flame  base  and 
the  burner  rim  brings  in  additional  con^lications. 
Consequently,  the  stmcture  of  the  stabilizing  region 
(flame  base)  must  be  revealed  experimentally  or 
numerically  to  foster  a  better  understanding  of  the 
flame  stabilization  mechanisms  of  diffusion  flames. 
The  experimental  results  of  the  structure  of 
stabilizing  region  of  methane  flames  were  reported 
previously  [1].  This  paper  reports  the  results  of 
numerical  simulations  of  the  stabilizing  region  of 
methane  flames. 

NUMERICAL  MODELS 

Time-dependent  governing  equations, 
expressed  in  cylindrical  coordinates,  consist  of  mass 
continuity,  axial  and  radial  momentum  conservation, 
energy  conservation,  and  species  conservation 
equations  with  the  equation  of  state  [2].  Body-force 
term  caused  by  the  gravitational  field  is  included  in 
the  axial  momentum  equation.  A  semi-detailed 
chemical-kinetic  model  [3],  including  52  elementary 
steps  for  17  species,  is  used  to  describe  CH4-O2 
combustion.  The  chemical  kinetic  parameters  for  the 
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reaction  CH3  +  H  ->  CH*  were  replaced  with  those 
recommended  by  Wamatz  [4]  because  they  were 
found  [5]  to  accurately  predict  the  critical  strain  rate 
at  extinction  of  counterflow  diffusion  flames  [6]. 
The  viscosity  and  binary  diffusion  coefficients  are 
estimated  from  Chapman-Enskog  collision  theory  [7], 
and  enthalpy  of  each  species  is  calculated  from 
polynomial  curve-fits. 

The  finite-difference  form  of  the  governing 
equations  is  constructed  on  a  staggered  grid  system 
based  on  an  mq)licit  QUICKEST  numerical  scheme. 
The  computational  domain  of  150  x  60  mm  in  axial 
(x)  and  radial  (r)  directions,  respectively,  is 
represented  by  a  mesh  system  of  271  x  101.  Grid 
lines  are  clustered  near  the  burner  lip  and  the  entire 
field  of  inta-est  in  this  study  (the  flame  stabilizing 
region)  is  covered  with  a  minimum  grid  spacing  of 
0.05  mm. 

The  initial  and  boundary  conditions  for  the 
axial  (C/)  and  radial  (V)  velocities  and  species  and 
energy  at  different  flow  boundaries  are  similar  to  the 
previous  work  [8].  The  outer  boundaries  of  the 
computational  domain  are  shifted  sufficiently  far 
enough  to  minimi?^  the  propagation  of  disturbances 
into  the  region  of  interest.  Along  the  burner-lip 
walls,  no-slip  boundary  conditions  are  enforced.  An 
extrapolation  procedure  with  weighted  zero-  and 
first-order  terms  is  used  to  estimate  the  flow  variables 
on  the  outflow  boundary. 

The  inner  diameter  of  the  fuel  tube  {d  =  9.5 
ram)  is  close  to  that  used  in  the  experiments  [1].  The 
test  cases  reported  in  this  paper  are  listed  in  Table  1. 
The  mean  jet  velocity  (Uj)  and  the  mean  annulus  air 
velocity  were  chosen  close  to  the  stability  limit 
curve  [1].  The  fully-developed  pipe  flow  and 
boundary  layer  velocity  profiles  are  used  inside  and 
outside  the  burner  tube. 


TABLE  1  Test  Conditions 


Case  No. 

Uj  (m/s) 

[ft  (m/s) 

1 

11.5 

0.19 

2 

6.9 

0.36 

3 

1.7 

0.72 

RESULTS  AND  DISCUSSION 

The  previous  experiment  [1]  has  revealed 
that  the  flame  base  is  attached  to  the  burner  rim  with 
a  dark  space  and  lifts  off  abruptly  for  flames  for 
cases  1  and  2.  For  case  3,  the  flame  base  shifts  a  few 
mm  downstream  from  the  burner  exit  before  full 
lifting  occurs.  Figure  1  shows  the  calculated  velocity 
vectors,  isotherms,  and  heat-release  rate  (q)  contours 
(shaded)  for  cases  1  through  3.  The  scale  of  vectors 
is  identical  in  all  figures.  An  attached  flame  (cases  1 
and  2)  and  a  downstream-shifted  (-3  mm  from  the 
burner  exit)  flame  (case  3)  ware  simulated  accurately 
as  observed  experimentally  [1].  In  both  cases,  the 
coflow  air  was  entrained  through  the  dark  space  into 
the  fuel-side  of  the  flame  zone.  The  high  heat-release 
rate  zone  (shaded  area)  was  formed  nearly  along  the 
tenq)erature  peak,  where  the  exothermic  oxidative 
reactions  are  taking  place.  The  heat-release  rate 
showed  a  peak  at  the  base  of  the  flame,  where 
temperamre  was  relatively  low  (-16(X)  K)  for  all 
cases.  The  peak  values  are:  case  1,  ~210  J/cm^s; 
case  2,  -270  J/cm^s;  and  case  3,  -470  J/cm^s.  The 
high  heat-release  rate  zone  around  its  peak  became 
wider  as  the  flame  base  shifted  downstream  (case  3). 
The  intervals  of  the  isotherms  below  the  heat-release 
rate  peak  were  narrower  (higher  tenq)erature 
gradient)  for  case  3  than  those  for  cases  1  and  2.  The 
magnitude  of  velocity  near  the  peak  was  similar,  as 
described  later,  despite  a  difference  of  more  than  a 
factor  of  three  in  the  initial  coflow  air  velocities  (see 
Table  1). 

Figure  2  shows  the  calculated  total  molar 
flux  vectors  of  methane  (dashed)  and  oxygen  (solid), 
inrliiHing  both  diffusion  and  convection  terms, 
contours  of  the  equivalence  ratio  (<t»),  and  contours  of 
the  rate  of  formation  of  oxygen  for  cases  1  through  3. 
There  exist  striking  differences  between  the  vectors  in 
Figs.  1  and  2  as  a  result  of  the  additional  contribution 
of  molecular  diffusion  in  Fig.  2.  In  the  upper  portion 
of  the  flame,  methane  diffused  outwardly  while  the 
oxygen  was  transported  by  both  convection  and 
diffusion  into  the  flame  from  the  opposite  side, 
typical  of  diffusion  flames.  In  the  dark  space, 
particularly  for  case  3  (Fig.  2c),  the  oxygen 
penetrated  into  the  fuel-side  region  and  partially 
mixed  with  methane. 
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The  equivalence  ratio  used  here  is  defined 
dynamically  as  a  ratio  of  the  fuel  and  oxygen  molar 
fluxes  normalized  by  the  stoichiometric  value  for 
methane-oxygen  combustion  (0.5).  Thus,  the 
equivalence  ratio  indicates  actual  fuel-air  mixture 
strength,  including  the  effects  of  both  transport 
nwdes  (convection  or  diffusion)  and  directions  of  fuel 
and  oxygen  transport.  The  contours  of  the 
equivalence  ratio  show  the  increase  in  the  thickness 
of  the  mixing  zone  as  the  flame  base  shifts 
downstream  for  case  3. 

The  rate  of  fomnation  of  oxygen,  which  is  an 
index  of  the  global  reaction  rate,  showed  a  negative 
peak  at  nearly  the  same  location  with  the  heat-release 
peak.  The  peak  values  are:  case  1,  -0.0006 
mol/cm^s;  case  2,  -0.0008  mol/cm^s;  and  case  3, 
-0.0013  mol/cm^s.  The  size  of  the  high  reaction-rate 
zone  around  the  peak  also  became  wider  as  the  flame 
base  shifted  downstream  (case  3).  The  equivalence 
ratio  contours  are  narrowly  spaced  in  the  upper  flame 
zone  for  all  cases,  typical  of  diflusion  flames,  and 
they  spread  out  around  the  peak  and  the  dark  space. 
It  is  notable  that  the  peak  oxygen  consumption  area 
extends  mostly  in  the  fuel-lean  region  (<j)  =  0.6  at  the 
peak),  which  is  consistent  with  the  experimental 
observations  [9, 10]. 

The  mechanism  of  the  formation  of  the  peaks 
of  the  heat-release  and  reaction  rates  at  the  flame 
base  is  essential  feature  in  flame  stabilization.  Figure 
3  shows  the  contours  of  the  mole  fraction  and  rate  of 
formation  of  oxygen,  and  the  mole  flux  vectors  of 
hydrogen  atoms.  The  mole  ftaction  of  oxygen  at  the 
peak  of  oxygen  formation  rate  is  -0.05,  for  all  cases, 
much  higher  than  a  typical  value  of  leakage  in 
diffusion  flames  (-0.02)  [1 1].  On  the  other  hand,  the 
molar  flux  vectors  of  hydrogen  atoms  shows  its 
efflux  from  the  flame  in  opposite  directions 
perpendicular  to  the  flame  zone.  At  the  edge  of  the 
flame  zone,  the  hydrogen  atom  flux  vectors  point 
downward  into  the  regitm  of  relatively  high  oxygen 
concentration.  Thus,  the  important  chain-branching 
reaction  step  H  +  0:  OH  +  O  takes  place. 

Other  radical  species  (OH  and  O)  behave  in 
similar  manner  to  hydrogen  atoms.  Figure  4  shows 
the  contours  of  the  mole  fraction  and  rate  of 


formation  of  methane,  and  the  mole  flux  vectors  of 
hydroxyl  radicals.  The  high  methane  consumption 
rate  zone  is  slightly  outside  of  the  methane  mole 
fraction  contour  of  0.02.  The  peak  of  methane 
consunqjtion  occurred  slightly  inside  the  peaks  of 
heat-release  and  oxygen  consumption  rates.  The 
hydroxyl  radicals  also  efflux  from  the  flame  zone 
similar  to  hydrogen  atoms. 

Therefore,  the  geometric  end  of  the  flame 
zone  creates  a  peculiar  situation.  The  flame  base  is 
more  exposed  to  air  (aerated),  creating  relatively  high 
oxygen  concentration  area.  Radicals  diffuse  back 
into  the  high  oxygen  concentration  area, 
countarflowing  incoming  oxygen  fluxes.  As  a  result, 
the  reaction  zone  broadened,  the  convective 
contribution  of  the  oxygen  flux  increased,  and  thus, 
the  global  reaction  rate  increased.  For  case  3,  this 
situation  was  enhanced  because  of  the  partial  fuel-air 
mixing  in  the  extended  dark  space.  The  molar  flux 
vectors  of  methane  and  oxygen  have  a  common 
component  in  the  direction  toward  the  reaction  peak 
zone  (Fig.  2c). 

More  detailed  information  on  the  flame 
structure  around  the  flame  base  can  be  extracted  by 
examining  the  profiles  of  variables.  Figure  5  shows 
the  radial  variations  of  the  species  mole  fractions, 
temperature,  and  heat-release  rate  at  the  height  across 
the  peaks  of  the  heat-release  and  reaction  rates  for 
cases  1  (x  =0  mm)  and  3  (x  =3  mm).  The 
distributions  of  the  major  species  and  temperature  for 
these  two  cases  are  similar  qualitatively  despite  the 
striking  difference  in  the  oxygen  mole  fraction 
contour  mappings  (Fig.  3)  as  an  attached  (case  1)  and 
downstream-shifted  flame  (case  3).  The  flame 
structure  is  similar  to  typical  diffusion  flannes  [8] 
except  for  a  secondary  peak  in  the  oxygen  mole 
firaction  on  the  fuel  side  of  the  peak  ten^erature  as  a 
result  of  air  penetration  through  the  dark  space. 
Although  the  peak  ten5)eratures  were  -1600  K  for 
both  cases,  the  oxygen  mole  fractions  at  the  peak 
temperature  location  doubled  from  -0.03  to  -0.06, 
respectively,  and  the  heat-release  rate  also  doubled 
from  -220  to  -470  J/cmh.  The  secondary  oxygen 
mole  fraction  peak  created  a  reversed  oxygen 
concentration  gradient  (as  same  as  that  of  methane) 
to  contribute  to  a  portion  of  the  oxygen  flux  into  the 
flame  base.  More  importantly,  the  oxygen  flux 
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contribution  in  the  axial  direction  is  dominant  at  the 
edge  of  the  flame  (see  Hg.  2). 

The  heat-release  rate  has  a  sharp  peak  for 
both  cases  as  a  result  of  a  dominant  contribution 
from  the  reaction  CH3+  O  — >  CH2O  +  H,  as  is  clearly 
seen  in  a  plot  of  heat-release  rate  contributions  from 
each  elementary  step  (not  shown). 

Figure  6  shows  the  axial  variations  in  the 
temperature,  heat-release  rate  (q),  axial  and  radial 
velocity  components  along  the  flame  zone  (defined  as 
the  maximum  heat-release  envelope)  for  all  cases. 
For  cases  1  and  2,  the  temperature  variation  was 
nearly  id^tical,  while  the  heat  release  rate  sliglitly 
increased  from  case  1  to  case  2.  For  case  3,  the 
tenq^erature  gradient  toward  the  flame  base  was 
higher  than  those  of  cases  1  and  2,  and  the  heat 
release  rate  nearly  doubled  as  described  before.  Both 
axial  and  radial  velocity  components  are  almost  the 
same  at  x  =  -0.3  mm  for  all  cases  (£/  «  0.4  m/s  and  U 
»  -0.3  m/s). 

Since  the  flame  base  is  held  stationary,  the 
flame  base  must  have  reaction  rates  high  enou^  to 
sustain  combustion  in  the  flow  field,  providing  a 
continuous  ignition  source  to  the  incoming  reactants. 
As  the  flame  base  secures  the  stable  stationary 
combustion,  the  diffusion  flame  zone  in  the  uppo* 
portion  can  be  successively  supported,  thus  keeping 
the  flame  from  lifting. 

CONCLUSIONS 

The  detailed  flame  stmcture  of  the  stabilizing 
region  of  diffusion  flames  has  been  successfully 
simulated.  A  highly  reactive  zone  with  the  peaks  of 
the  heat-release  and  oxygen  consumption  rates  is 
formed  in  the  flame  base  region.  The  geometric 
peculiarity  (end  effect)  allowed  radical  influxes  by 
back  diffusion  into  the  relatively  low  tenperature, 
aerated,  broadened  reaction  zone.  Thus,  the  reaction 
zone  relies  on  the  radical  supply  from  the  flame 
downstream  and,  at  the  same  time,  it  provides  a 
continuous  ignition  source  to  the  incoming  reactants 


in  the  flow,  thus  keeping  the  diffusion  flame  from 
lifting. 
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Fig.  3  Contours  of  the  oigrgen  mole  fraction,  ojQ^gen  rate  of  formation  (start,  -0.0001  mol/cm^s;  interval,  -0.(M)02 
mol/cm^s).  and  molar  flux  vectors  of  hydrogen  atom,  (a)  Case  1,  (b)  case  2,  and  (c)  case  3. 
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Abstract: 

Accurate  dynamic  simulations  for  methane  laminar  and 
transitional  jet  fiames  are  made  using  an  axisymmetric, 
time-dependent  CFDC  code  and  different  detailed-chemical- 
kinetics  models.  Comparisons  are  made  with  experimental 
data  for  a  steady-state  flame  and  for  two  dynamic  flames  that 
are  dominated  by  buoyancy-driven  instabilities.  Ability  of 
the  three  chemistry  models  namely;  1)  modified  Peters 
mechanism  without  C2  chemistry,  2)  modified  Peters 
mechanism  with  C2  chemistry  and  3)  GRI  1.2  mechanism 
in  predicting  coaxial  jet  diffusion  flames  under  different 
operating  condidons  is  investigated.  It  is  found  that  the 
modified  Peters  mechanism  with  and  without  C2  chemistry 
is  sufficient  for  the  simulation  of  jet  flames  for  a  wide  range 
of  fuel  jet  velocities.  Both  the  steady-state  and  unsteady 
flame  structures  are  compared  by  using  scatter  plots  that  are 
made  from  the  data  collected  at  several  heights. 

Introduction: 

Studies  of  jet  diffusion  flames  are  important  in 
understanding  combustion  phenomena  in  practical  systems 
and  for  developing  theories  of  combusting  processes. 
Because  of  this,  jet  flames  have  been  actively  investigated 
since  the  classic  works  of  Hotel  et  al*  published  in  the  Third 
Symposium  on  Combustion  and  Flame  Explosion 

Phenomena  in  1949*  Considerable  data  on  statistical 
quantities  such  as  time  averaged  and  rms  values  of  velocity, 
temperature,  and  species  concentrations  have  been  obtained 
with  single  point  measurement  techniques.  These  data  have 
formed  the  bases  for  understanding  many  of  the  processes 
occurring  in  jet  diffusion  flames.  Because  of  the  success  of 
the  statistical  approach  there  is  a  tendency  to  think  about 
combustion  processes  in  terms  of  time-averaged  parameters. 
For  engineering  applications,  there  is  a  definite  value,  and 
in  many  cases,  a  necessity  of  thinking  in  terms  of  mean 
values  of  parameters.  However,  there  is  a  danger  to  this 
line  of  thinking  in  that  the  mean  and  fluctuating  quantities 
can,  in  many  cases,  mask  the  physics  and  chemistry  that  are 
germane  to  understanding  the  fundamental  processes  that 
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give  rise  to  the  statistical  results.  This  is  particularly  true 
for  laminar  and  near-transitional  jet  flames  in  which  the 
impact  of  large-scale,  organized,  buoyancy-induced  vortices 
on  the  air  side  of  the  flame  and  the  Kelvin-Helmholtz  type 
vortex  structures  on  the  fuel  side  of  the  flame  dominate  the 
flame  characteristics.  To  gain  an  insight  into  these 
processes,  it  is  helpful  and  perhaps  essential  to  think  in 
terms  of  the  dynamic  characteristics  of  jet  fiames. 

Several  numerical  investigations  made  in  the  past  for 
dynamic  jet  flames  using  conserved-scalar  approach,  global- 
chemistry  and  detailed  chemistry  models  have  revealed 
important  aspects  of  combustion  such  as  effect  of  heat- 
release  rate,^*^  role  of  buoyancy enhancement  of  soot 
formation^  and  Lewis-number  effects.®*®  However,  most  of 
these  studies  involving  finite-rate  chemistry  are  limited  to 
hydrogen  fuel  as  the  kinetic  models  for  this  fuel  are 
relatively  simple.  On  the  other  hand,  because  of  the 
complex  nature  of  the  reaction  mechanisms,  flame 
calculations  for  hydrocarbon  fuels  are  restricted  to  dther 
steady-state  problems*®*”  or  chemically  lazy  flames  in 
which  chemistry  is  not  important*^  Simulation  of  dynamic 
hydrocarbon  flames  with  sufficiently  accurate  models  for 
physical  and  chemical  processes  is  required  for  understanding 
the  processes  such  as  flame  stabilization,*^  local 
extinction,*^  and  ignition.*^  Recently,  the  authors  have 
developed  a  time-accurate  CFDC  (computational  Fluid 
Dynamics  with  Chemistry)  code  for  investigating  methane 
diffusion  flames  by  incorporating  detailed-chemical-kinetics 
model. 

This  paper  describes  a  numerical  study  conducted  using 
the  CFDC  code  on  coaxial  methane  jet  diffusion  flames 
formed  undo:  different  flow  conditions.  Accuracy  of  three 
detailed  chemical-kinetics  models  (Peters  mechanism  with 
and  without  C2  chemistry  and  GRI  Version  1.2  mechanism) 
in  simulating  a  steady  methane  diffusion  flame  is  assessed. 
The  dynamic  flames  predicted  by  the  CFDC  code  are 
compa^  with  the  experimental  flame  images  obtained 
using  Reactive-Mie-Scattering  technique.  The  structure  of 
the  steady-state  flame  is  compared  with  those  of  the 
dynamic  flames  to  identity  the  impact  of  vortex-flame 
interactions  in  jet  flames. 
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Modeling; 

In  the  mathematical  model, time-dependent  Navier- 
Stokes  equations  are  solved  along  with  the  species-  and 
energy-conservation  equations  in  an  uncoupled  manner  on  a 
staggered-grid  cylindrical  coordinate  system.  However,  the 
species  equations  are  solved  by  coupling  them  through  the 
production  terms.  The  body-force  term  due  to  the 
gravitational  field  is  included  in  the  axial-momentum 
equation.  A  clustered  mesh  system  is  employed  to  trace  the 
large  gradients  in  flow  variables  near  the  flame  surface. 
Three  different  detailed  chemical-kinetics  model  proposed  in 
the  literature  for  methane-air  combustion  are  used  in  this 
study.  The  first  one  proposed  by  Peters*®  consists  of  17 
species  (CH4,  O2,  CH3,  CH2,  CH,  CHjO,  CHO,  CO^,  CO, 
Hj,  H,  O,  OH,  H2O,  HO2,  H2O2,  and  N2)  that  are  involving 
in  52  elementary  reactions.  This  mechanism  is  derived  from 
the  one  originally  published*®  for  the  hydrocarbon  fuels  up 
to  propane  in  terms  of  carbon  content  and  by  neglecting  the 
species  that  have  more  than  one  carbon  elements.  The 
second  chemistry  model  is  an  extension  of  the  first  one 
obtained  by  including  the  C2  chemistry  which,  adds  7 
additional  species  (CjH,  C2H2,  C2H3,  C2H4,  CjHj,  CiHg,  and 
CHCO)  and  29  reactions  to  the  first  reaction  model. 
Finally,  the  third  chemical  kinetics,  GRI  1.2,  used  in  the 
present  study  is  the  one  compiled  by  the  Gas  Research 
Institute  (GRI).  This  is  the  most  comprehensive  mechanism 
having  31  species  and  346  elementary-reaction  steps  and  is 
recommended  by  several  investigators  for  computing 
methane  flames.  The  enthalpies  of  all  the  species  are 
calculated  from  the  polynomial  curve  fits  developed  for  the 
temperature  range  300  -  5000  K.  The  physical  properties 
such  as  viscosity,  thermal  conductivity  and  binary 
molecular  diffusion  coefficients  of  the  species  are  calculated 
using  molecular  dynamics.  Mixture  viscosity  and  thermal 
conductivity  are  then  estimated  using  the  Wilke  and  Kee 
expressions,  respectively.  Molecular  diffusion  is  assumed  to 
be  of  binary  type,  and  the  diffusion  velocity  of  a  species  is 
calculated  according  to  Pick’s  law  and  using  the  effective- 
diffusion  coefficient  of  that  species.  The  Lennard  Jones 
potentials,  effective  temperatures  and  the  coefficients  for  the 
enthalpy  polynomials  for  each  species  are  obtained  from  the 
CHEMKIN  libraries. 

While  the  governing  equations  for  momentum  are 
integrated  using  an  implicit  QUICKEST  (Quadratic 
Upstream  Interpolation  for  Convective  Kinematics  with 
Estimated  Streaming  Terms)  numerical  scheme  which  is 
third-order  accurate  in  both  space  and  time  and  has  a  low 
numerical  diffusion  error,  the  species  and  energy  equations 
are  integrated  using  an  hybrid  scheme  of  upwind  and  central 
differencing.*®  An  orthogonal,  staggered  grid  system  with 
rapidly  expanding  cell  sizes  in  both  the  z  and  r  directions  is 
utilized  for  discretizing  the  governing  equations.  After 
rearrangement  of  terms,  the  finite-difference  form  of 
governing  equation  for  the  variable  <E>  at  a  grid  point  P  is 
written  as  an  algebraic  equation  as  follows: 
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Here,  the  time  increment,  At,  is  determined  from  the 
stability  constraint  and  maintained  as  a  constant  during  the 
entire  calculation.  The  superscripts  N  and  N+1  represent 
the  known  variables  at  the  N-th  time  step  and  the  unknown 
variables  at  the  (N+l)-th  time  step,  respectively;  the 

subscripts  z^  and  z~  indicate  the  values  at  the  grid  points 
immediately  adjacent  to  a  point  P  in  the  positive  and 
negative  z-directions,  respectively.  Similarly,  the 

subscripts  z"^*^  and  z*"  represent  the  values  at  two  grid 
points  away  from  P  in  the  positive  and  negative  z 
directions,  respectively.  The  coefficients  A  and  the  terms  on 
the  right  hand  side  of  the  above  equation  are  calculated  from 
the  known  flow  variables  at  the  N-th  time  step.  The  Nj+2 
equations  represented  by  Eq.  (1)  are  solved  individually 
using  an  iterative  ADI  (Alternative  Direction  Implicit) 
technique.  Here,  N*  represents  the  total  number  of  species 
considered  in  the  model.  The  pressure  field  at  every  time 
step  is  accurately  calculated  by  simultaneously  solving  the 
system  of  algebraic  pressure  Poisson  equations  at  all  grid 
points  using  the  LU  (Lower-Upper)  decomposition 
technique. 

The  flow  field  considered  in  the  present  study  has 
vortical  structures  of  two  different  scales.  Small-scale 
vortices  develop  on  the  fuel  side  of  the  flame  surface  along 
the  shear  layer  of  the  fuel  jet  and  larger-scale  vortices  form 
on  the  air  side  of  the  flame  surface.  Unsteady  axisymmetric 
calculations  are  made  on  a  physical  domain  of  200  x  150 
mm  utilizing  a  201  x  71  non-uniform  grid  system. 
Generally,  the  computational  domain  is  bounded  by  the  axis 
of  symmetry  and  an  outflow  boundary  in  the  radial  direction 
and  by  the  inflow  and  another  outflow  boundary  in  the  axial 
direction.  Flat  velocity  profiles  were  imposed  at  the  fuel  and 
air  inflow  boundaries.  The  outer  boundaries  in  the  z  and  r 
directions  are  located  sufficiently  far  from  the  nozzle  exit  (- 
30  nozzle  diameters)  and  the  symmetry  axis  (~  20  nozzle 
diameters),  respectively,  that  the  propagation  of  boundary- 
induced  disturbances  into  the  region  of  interest  is 
minimized.  An  extrapolation  procedure  with  weighted  zero- 
and  first-order  terms  is  used  to  estimate  the  flow  variables  at 
the  outflow  boundary.*’ 

Results  and  Discussion: 

Because  of  the  complex  nature  of  the  chemical  kinetics 
for  methane  combustion,  several  mechanisms  are  available 
in  the  literature  with  varying  degree  of  simplification.  It  is 
important  to  note  that  most  of  these  mechanisms  are 
validated  using  well-stirred  reactor  data  (zero-dimensional 
problem)  and  counterflow  flames  (one-dimensional 
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problem).  However,  as  the  multidimensional  flames  in 
practical  geometries  are  subjected  to  varying  levels  of  strain 
rate,  unsteadiness,  curvature  etc.,  the  question  of  how  well 
these  chemistry  models  predict  when  ^ey  are  incorporated 
into  multidimensional  flame  problems  needs  to  be 
addressed.  Calculations  are  initially  made  for  jet  diffusion 
flames  for  different  jet  velocities  using  different  chemical 
kinetics  models  available  in  the  literature.  Indeed,  our 
initial  attempts  for  the  simulation  of  jet  diffusion  flames 
with  simpler  chemistry  models  such  as  in  Ref.  20  resulted 
in  unacceptable  flame  stand-off  distances  (separation 
between  the  flame  base  and  the  nozzle  exit)  for  different  fuel 
jet  velocities.  The  most  recent  skeletal  mechanism  proposed 
by  Peters  for  methane  combustion  (24  species  and  81 
reactions)  yielded  well  attached  flames  for  lower  fuel  jet 
velocities  and  failed  to  predict  the  flames  that  are  formed  at 
higher  fuel  jet  velocities.  It  is  found  from  the  trial-and-error 
investigation  on  this  mechanism  that  the  methyl-radical 
recombination  reaction  (CH3+H=CH4)  is  very  sensitive  to 
the  extinction  and  stand-off-distance  characterisdcs  of 
diffusion  flames.  When  the  reaction  rate  proposed  by  Peters 
for  this  reaction  is  replaced  by  the  one  proposed  by 
Wamatz?^  excellent  agreement  between  experiment  and 
calculation  is  obtained  over  a  wide  range  of  fuel  and  annular 
air  velocities.  The  mechanism  obtained  after  replacing  the 
rate  data  for  methyl-radical-recombination  reaction  is  denoted 
as  “modified  Peters  mechanism"  in  this  paper  and  is  listed 
in  Table.  1.  The  reaction  that  is  different  from  the  original 
Peters  mechanism  is  R45  in  this  table. 

Steady-State  Flame: 

The  mathematical  model  and  the  numerical  procedure 
used  are  tested  for  its  accuracy  in  simulating  a  confined  jet 
diffusion  flame.  This  flame  was  previously  studied 
experimentally  by  Mitchell^*  and  using  numeric^  methods 
by  Smooke.*®  The  burner  assembly  consists  of  a  12.7-mm- 
diameter  central  fuel  tube  and  a  large  coannular  air  duct  of 
50.8-mm  diameter.  The  burner  is  enclosed  in  a  300-mm 
long  Pyrex  tube.  Therefore,  the  no-slip  boundary  condition 
is  used  at  the  end  of  the  computational  domain  in  the  radial 
direction.  Pure  methane  is  used  as  the  fuel.  The  flow  rates 
for  the  fuel  and  the  air  are  such  that  the  velocities  at  the 
exits  of  the  central  fuel  tube  and  the  annulus  air  duct  are 
0.045  m/s  and  0.0988  m/s,  respectively.  The  experimental 
data  on  this  methane  jet  diffusion  flame  obtained  by 
Mitchell^^  suggest  that  the  flame  is  in  steady  state  and 
hence,  Smooke*®  has  performed  steady-state  axisymmetric 
calculations  for  this  flame.  Gravitational  force,  which  is 
quite  significant  in  this  low-speed  flame,  is  considered  in 
Smooke’s  steady-state  calculations.  Our  previous  studies  on 
vertically  mounted  jet  diffusion  flames  under  similar 
velocity  conditions  indicate  that  buoyancy-driven  vortical 
structures  could  develop  and  make  the  flame  unsteady. 
However,  the  flame  investigated  by  Mitchell  et  al  is 
confined  and  the  ambient  air  flow  into  the  flame  is 
restricted;  which,  could  suppress  the  growth  of  the 


buoyancy-induced  instabilities.  For  comparison  purpose, 
unsteady  calculations  are  performed  for  this  flame  using  the 
code  described  previously  and  with  the  three  diffaent 
chemistry  models.  Interestingly,  the  computed  flame 
established  weak  vortical  structures  outside  the  flame 
surface.  As  these  vortices  convect  downstream  their 
interaction  with '  the  flame  makes  the  latter  to  flicker. 
However,  the  oscillations  (or  unsteadiness)  up  to  a  height  of 
60  mm  above  the  burner  are  quite  weak.  Calculations 
performed  without  using  the  Pyrex  enclosure  (i.e.,  replacing 
the  wall  boundary  with  the  free  outflow  boundary)  yielded 
much  stronger  fluctuations;  which,  suggests  that 
confinement  reduces  the  flame  flicker. 

The  iso  contours  of  radial  velocity,  temperature,  and 
mole  fractions  of  CH3  and  OH  radicals  are  plotted  in  Figs. 
1-4,  respectively.  The  flow  fields  computed  with  the  three 
chemistry  models;  namely,  modified  Peters  mechanism 
without  C2  chemistry  [Fig.  1(a)],  modified  Peters 
mechanism  with  Cj  chemistry  [Fig.  1(b)],  and  GRI  1.2 
mechanism  [Fig.  1(c)]  are  quite  similar.  Weak  oscillations 
resulting  from  the  buoyancy-induced  instability  are  evident 
from  the  slightly  squeezed  iso-radial  contours  between  z  = 
30  and  50  mm. 

All  three  chemistry  models  have  predicted  same 
temperature  distributions  (Fig.  2)  on  the  air  side  of  the 
flame  (r  >  6.5  mm).  However,  on  the  fuel  side,  GRI 
mechanism  is  predicting  lower  temperatures  compared  to  the 
other  two  modified  Peters  mechanisms.  In  fact,  the  peak 
temperature  of  2040  K  predicted  by  GRI  chemical  kinetics 
is  50  K  less  than  that  obtained  with  Peters  mechanism 
without  C2  chemistry  and  ~20  K  less  than  that  obtained 
with  C2  chemistry.  These  results  suggest  that  the  formation 
of  higher  hydrocarbons  effect  the  flame  structure  on  the  fuel 
side  of  a  jet  diffusion  flame.  This  is  also  evident  in  the 
methyl-radical  concentration  plots  of  Fig.  4.  Here,  CH3  is 
confined  to  the  fuel  side  and  inclusion  of  C2  chemistry 
reduced  its  concentration  [compare  Figs.  4(a)  and  4(b)].  The 
peak  concentration  for  CH3  radicals  predicted  by  Peters 
mechanism  with  C2  chemistry  (-0.006)  is  very  close  to  that 
predicted  with  GRI  1.2  mechanism.  Interestingly,  all  three 
kinetics  models  yielded  similar  distributions  for  OH  radical 
concentration  (Fig.  3).  As  expected,  the  location  for  the 
peak  OH  concentration  is  found  to  be  shifted  from  the  peak- 
temperature  location  and  is  on  the  air  side. 

The  model  predictions  are  compared  with  the  measured 
values  of  Mitchell  et  aP  in  Figs.  5-7.  In  each  figure,  the 
data  collected  at  three  heights,  z  :=  12  mm,  24  mm,  and  50 
mm  are  compared.  Figure  5  compares  temperature  and  axial 
velocity  while.  Figs.  6  and  7  show  comparisons  for  some 
species  concentrations. 

The  experiments  of  Mitchell  et  al  indicate  that 
noticeable  amount  of  oxygen  is  present  in  the  potential  axe 
of  the  flame  at  z  =  12  mm  [Fig.  6(a)].  Calculations  made 
with  C2  chemistry  and  GRI  mechanism  have  well  predicted 
this  feature  of  the  diffusion  flame.  The  decrease  in  measured 
oxygen  concentration  with  radial  distance  in  the  potential 
core  suggests  that  the  observed  oxygen  on  the  fuel  side  of 
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Table  1.  Modified  Peters  Mechanism 


Reaction 

A  (Mole, 
cni*,s) 

n 

E(cal/ 

mole) 

Hj/02  Chain  Reactions 

(ROD  H+0,=>0H+0 

2.00E+14 

0.0 

16,800 

(R02)  0H+0=>H+0i 

1.57E+13 

0.0 

840 

(R03)  0  +  ll,a=>OH  +  H 

5.06E+04 

2.67 

6,280 

(R04)  0H  +  n=&0+H, 

2.22E+04 

2.67 

4,370 

(R05)  Hi  +  OH==>HiO  +  H 

l.OOE+08 

1.60 

3,300 

(R06)  HjO  +  H=>H, +OH 

4.31E+08 

1.60 

18,270 

(R07)  OH+OH=>0+H,O 

1.50E+09 

1.14 

100 

(R08)  HjO  +  0=>OH+OH 

1.47E+10 

1.14 

17,000 

HjO  Formation  and  Consumption 

(R09)  0,  +  H  +  M=>H0j  +  M 

2.30E+18 

-0.8 

0 

(RIO)  HOj  +  M=>Oj+H  +  M 

3.19E+18 

-0.8 

46,680 

(RID  HO,  +  H==>OH+OH 

1.50E+14 

0.0 

1,000 

(R12)  HOj  +  H==>Hi  +  Oj 

2.50E+13 

0.0 

692 

(R13)  H0,+0H=>H,0  +  0, 

6.00E+13 

0.0 

0 

(R14)  H0j  +  H=>H,0+0 

3.00E+13 

0.0 

1,720 

(R15)  HOj  +  0=>OH  +  Oj 

1.80E+13 

0.0 

-406 

HjOj  Formation  and  Consumption 

(R16)  HOj  +  HOj=^HjO,  +  0, 

2.50E+11 

0.0 

-1,240 

(R17)  0H  +  0H  +  M=>H20j+M 

3.25E+22 

-2.0 

0 

(R18)  H,0,  +  M=>0H  +  0H+M 

1.69E+24 

-2.0 

48,330 

(R19)  HjOj  +  H=>HjO  +  OH 

LOOE+13 

0.0 

3,580 

(R20)  HjOj+OH=>H^O  +  HOj 

5.40E+12 

0.0 

1,000 

(R2D  HjO  +  HO,=>HiO,  +  OH 

1.80E+13 

0.0 

32,190 

Recombination  Reactions 

(R22)  H  +  H  +  M=>Hj  +  M 

1.80E+13 

-1.0 

0 

(R23)  H  +  OH+M=>ItO+M 

2.20E+22 

-2.0 

0 

(R24)  0  +  0  +  M=>0i+M 

2.90E+17 

-1.0 

0 

CO/COj  Mechanism 

(R25)  CO+OH=^CO,+H 

4.40E+06 

1.5 

-740 

(R26)  COj  +  H=>CO+OH 

4.96E+08 

1.5 

21,440 

CH  Consumption  Reactions 

(R27)  CH+0,=:^CHO+O 

3.00E+13 

0.0 

0 

(R28)  COi  +  CH==>CHO+CO 

3.40E+12 

0.0 

692 

CHO  Consumption  Reactions 

(R29)  CHO  +  H=:>CO +Hj 

2.00E+14 

0.0 

0 

(R30)  CHO+OH=>CO  +  HjO 

LOOE+14 

0.0 

0 

(R3D  CHO  +  Oj=>CO  +  HOj 

3.00E+12 

0.0 

0 

(R32)  CHO  +  M=>CO +H  +  M 

7.10E+14 

0.0 

16,800 

(R33)  H  +  CO+M=>CHO  +  M 

1.14E+15 

0.0 

2,380 

CHj  Consumption  Reactions 

(R34)  CHj  +  H=>CH  +  Hj 

8.40E+09 

1.5 

335 

(R35)  CH  +  Hj=>CHi+H 

5,83E+09 

1.5 

3,125 

(R36)  CHj  +  0=oCO+H  +  H 

8.00E+13 

0.0 

0 

(R37)  CHj  +  Oj=>0O+OH  +  H 

6.50E+12 

0.0 

1,500 

(R38)  CHj  +  Oj=>COi  +  H  +  H 

6.50E+12 

0.0 

1,500 

CH^O  Consumption  Reactions 

(R39)  CH,0  +  H==>CH0  +  H, 

2.50E+13 

0.0 

3,990 

(R40)  CH,O  +  O=>CH0  +  0H 

3.50E+13 

0.0 

3,490 

(R4D  CHj0  +  0H==>CH0  +  H,0 

3.00E+13 

0.0 

1,200 

(R42)  CH,0  +  M=>CH0  +  H+M 

1.40E+17 

0.0 

76,500 

CH3  Consumption  Reactions 

(R43)  CHj  +  H=>CH,  +  Hj 

1.80E+14 

0.0 

15,050 

(R44)  CH2  +  H2=>CH3  +  H 

3.68E+13 

0.0 

10,580 

(R45)  CHj  +  HsrroCH^  K. 

6.00E+16 

-1.0 

0 

Ko 

6.26E+23 

-1.8 

0 

(R46)  CH3  +  0==>CH^0  +  H 

7.00E+13 

0.0 

0 

(R47)  CH3  +  CH3«=>C3H5  K. 

3.61E+13 

0.0 

0 

Ko 

1.27E+41 

-7.0 

2,762 

(R48)  CH3  +  02=>CHjO  +  OH 

3.40E+11 

0.0 

8,940 

(R49)  CH3  +  H3==>CH4  +  H 

8.39E+02 

3.0 

8,260 

(R50)  CH3  +  H20=>CH4  +  0H 

2.63E+05 

2.10 

16,950 

CH4  Consumption  Reactions 

(R51)  CH4  +  H=>CH3  +  H2 

2.20E+04 

3.0 

8,740 

(R52)  CH4  +  0=>CH3  +  0H 

i.20E+07 

2.1 

7,620 

(R53)  CH4  +  0H=>CH3  +  H20 

1.60E+06 

2.1 

2.460 

C2H  Consumption  Reactions 

(R54)  C3H+H2=>C2H2  +  H 

l.lOE+13 

0.0 

2,867 

(R55)  C2H2  +  H=>C2H  +  H2 

5.27E+13 

0.0 

28.656 

(R56)  C2H  +  Oi=>CHCO+0 

5.00E+13 

0.0 

1,505 

CHCO  Consumption  Reactions 

(R57)  CHC0  +  H=>CH2+C0 

3.00E+13 

0.0 

0 

(R58)  CHj  +  CO=>CHCO  +  H 

2.36E+12 

0.0 

-7,021 

(R59)  CHCO  +  0=oCO+CO+H 

l.OOE+14 

0.0 

0 

C2H2  Consumption  Reactions 

(R6O)  C,Hj  +  0=>CHi  +  CO 

4.10E+08 

1.5 

1,696 

(R61)  C2H2+0=>CHC0+H 

4.30E+14 

0.0 

12.112 

(R62)  C2H2  +  0H=>C2H  +  H20 

l.OOE+13 

0.0 

7,000 

(R63)  C2H  +  H20=>C2H2  +  0H 

9.00E+12 

0.0 

-3,818 

C2H3  Consumption  Reactions 

(R64)  C2H3  +  H==>C2H2  +  H2 

3.00E+13 

0.0 

0 

(R65)  C2H3  +  02=>CiH2  +  H02 

5.40E+11 

0.0 

0 

(R66)  C2H3=>C2H2  +  H  K« 

2.00E+14 

0.0 

39,717 

Ko 

1.19E+42 

-7.5 

45,486 

(R67)  C2H2  +  H==>C2H3  K„ 

1.05E+14 

0.0 

810 

C2H4  Consumption  Reactions 

(R68)  C2H4  +  H=>C2H3  +  H2 

1.50E+14 

0.0 

10.201 

(R69)  C2H3  +  H2=>C2H4  +  H 

9.61E+12 

0.0 

7,800 

{R70)  C2H4  +  0=>CH3  +  C0  +  H 

1.60E+09 

1.2 

741 

(R71)  C2H4  +  0H=>C2H3  +  H20 

3.00E+13 

0.0 

3.010 

(R72)  C2H3  +  H20=>C2H4  +  0H 

8.29E+12 

0.0 

15.576 

(R73)  C2H4  +  M=>C2H2  +  H2+M 

2.50E+17 

0.0 

76,400 

C2H5  Consumption  Reactions 

(R74)  C2H3  +  H=>CH3  +  CH, 

3.00E+13 

0.0 

0.0 

(R75)  CHa  +  CHj^oCjHj  +  H 

3.57E+12 

0.0 

11,870 

(R76)  C2H5  +  02=>C2H4  +  H02 

2.00E+12 

0.0 

4.993 

(R77)  C2H5==>C2H4  +  H  K. 

2.00E+13 

0.0 

39,657 

K, 

l.OOE+17 

0.0 

31,057 

(R78)  CiH4  +  H=>QH5  K. 

3.19E+13 

0.0 

3,013 

CjH,  Consumption  Reactions 

(R79)  C,H,  +  H=>C,Hj  +  H, 

5.40E+02 

3.5 

5,208 

(R80)  CjH.  +  0— >CjHj  +  OH 

3.00E+07 

2.0 

5,112 

(R8D  C,H«  +  OH=>C,H,  +  H,0 

6.30E+06 

2.0 

645 

4 
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the  flame  should  have  been  transported  from  upstream 
locations.  However,  in  order  this  to  occur  the  flame  at  the 
base  (or  burner  exit)  should  not  be  completely  attached  to 
the  burner  such  that  oxygen  enters  the  potential  core 
through  the  dark  space  between  the  flame  base  and  the 
burner.  The  computed  temperature  distribution  (obtained 
with  modified  Peters  Cj  chemistry)  plotted  in  Fig.  2(a) 
indicates  that  the  flame  is  closer  to  the  nozzle  compared  to 
the  other  two  flames  in  Figs.  2(b)  and  2(c)  which,  in  turn, 
leads  to  lower  oxygen  concentration  in  the  potential  core  in 
Fig.  6(a).  As  the  stand-off  distance  between  the  nozzle  exit 
and  the  flame  base  depends  on  the  heat  transfer  to  the  burner 
and  the  nozzle  geometry;  which  are  not  modeled  in  the 
present  study,  one  should  not  conclude  based  on  the  oxygen 
data  in  the  fuel  jet  that  one  mechanism  is  better  than  the 
other. 

Considering  the  limitations  of  the  present  CFDC  model 
and  the  uncertainty  in  the  experimental  data,  it  may  be 
viewed  that  all  the  three  chemical  mechanisms  are  yielding 
reasonably  accurate  flame  structures.  However,  because  of 
the  higher  number  of  species  and  reaction  steps,  calculations 
with  GRl  mechanism  (31  species  and  346  reaction)  required 
epu  times  5  times  more  than  that  required  for  the 
calculations  made  with  Peters  mechanism  (17  species  and 
52  reactions)  and  3  times  more  than  that  required  for  Peters 
mechanism  with  Q  chemistry  (24  species  and  81  reactions). 
Because  of  the  limitations  of  the  computer  resources, 
calculations  for  the  dynamic  flames  are  made  with  Peters 
mechanism  with  C2  chemistry  and  the  results  are  discussed 
in  the  following  sub  section. 

Dynamic  Flames: 

The  experimental  set-up  consist  of  vertically  mounted 
coannular  jets  and  is  described  in  Ref.  23.  The  central  fuel 
jet  is  a  25.4  mm  diameter  tube  which  contracts  to  a  10  mm 
diameter  nozzle.  The  nozzle  is  designed  to  provide  a  flat 
mean  velocity  profile  with  low  velocity  fluctuations  at  the 
nozzle  exit.  The  annulus  air  jet  has  a  diameter  of  245  mm. 
An  air  velocity  of  15  cm/s  is  used  to  reduce  the  room  air 
disturbances  in  the  first  15  diameters  of  the  jet  exit  while 
not  causing  a  significant  effect  on  the  visible  flame 
structure.  Two  flames  are  investigated  experimentally  and 
numerically.  The  first  one  has  a  fuel  jet  velocity  of  0.5  m/s 
and  the  second  flame  has  a  velocity  of  4.1  m/s. 

An  instantaneous  image  of  the  low-speed  flame  obtained 
with  the  Reactive-Mie-scattering  (RMS)  technique^  is 
shown  in  Fig.  8(a).  With  this  method  micron-siz^  T1O2 
particles,  formed  from  the  spontaneous  reaction  between  the 
seeded-TiCl4  vapor  and  the  water  vapor  produced  during 
combustion,  are  visualized  by  the  Mie-scattered  light  from  a 
laser  sheet  TiCl4  is  seeded  into  both  the  fuel  and  annulus- 
air  flows.  The  bright  orange  region  in  Fig.  8(a)  is  the 
luminous  flame  surface  captured  simultaneously  with  the 
Mie-scattered  light 

Because  of  the  gravity  term  in  the  axial-momentum 
equation  and  the  low-speed  annulus  air  flow,  solution  of  the 


governing  equations  resulted  in  a  dynamic  flame,  with  large 
toroidal  vortices  forming  naturally  outside  the  flame  surface. 
The  computed  instantaneous  temperature  field  is  shown  in 
Fig.  8(b).  The  flame  (or  peak-temperature)  surface  which  is 
identified  from  the  temperature  field  is  also  shown  in  this 
figure  using  white  solid  circles.  It  is  important  to  note  that 
no  artificial  perturbation  is  required  for  the  formation  of  the 
outer  vortices.  In  the  presence  of  gravitational  force, 
acceleration  of  hot  gases  aJong  the  flame  surface  generated 
the  outer  structures  as  part  of  the  solution.  The  frequency 
corresponding  to  the  passage  of  these  outer  vortices  (also 
known  as  flame  flickering  frequency)  is  close  to  12  Hz.  The 
instantaneous  locations  of  the  particles  that  are  released 
along  with  the  fuel  are  also  shown  in  this  figure  with 
yellow  dots.  The  predicted  flame  structure  compares  very 
well  with  that  obtained  in  experiments  using  RMS 
technique.  The  counter-rotating  toroidal  vortex  (at  z  =  140 
mm  in  Fig.  8)  that  is  formed  due  to  the  strong  rotation  of 
the  upstream  buoyancy-induced  vortex  is  well  captured  by 
the  model. 

Instantaneous  flame  structure  obtained  for  the  higher  (or 
transitional)  fuel  jet  velocity  case  is  compared  with  the 
RMS  image  of  the  experimental  flame  in  Fig.  9.  As 
expected,  buoyancy-driven  vortical  structures  have  formed 
outside  the  flame  surface  in  this  case  also  and  the  convective 
frequency  for  these  structures  is  found  to  be  about  13  Hz. 
Interestingly,  the  experimental  flame  shows  vortical 
structures  inside  the  flame  in  addition  to  the  outer  ones. 
These  are  believed  to  manifest  from  the  small  perturbations 
that  are  inherent  in  the  high-speed  fuel  flow  and  the  Kelvin- 
Helmholz  instability  of  the  shear  layer.  In  order  to  initiate 
and  sustain  the  Kelvin-Helmholtz  instabilities  in  the 
calculations,  constant  external  forcing  in  the  form  of 
background  random  noise  (3%  of  jet  velocity)  is  used  at  the 
exit  of  the  fuel  jet.  The  inner  vortical  structures  are  found 
to  grow  slowly  and  maintain  their  identities  over  a  long 
distance.  At  farther  downstream  locations,  these  vortices  are 
dissipated  with  the  entrainment  of  viscous  combustion 
products  from  the  flame  surface. 

In  both  the  low-  and  transitional-speed  flames  (Figs.  8 
and  9)  it  should  be  noted  that  the  convective  motion  of  the 
outer  vortices  interact  with  the  flame  surface  and  make  it 
wrinkle.  These  interactions  perturb  not  only  the  shape  but 
also  the  chemical  structure  of  the  flame.  For  visualizing  the 
effects  of  vortex-flame  interactions  on  flame  structure, 
scatter  plots  for  temperature  and  species  concentrations  are 
shown  in  Fig.  10(c)  and  10(d)  for  low-speed  dynamic  flame 
and  in  Figs.  10(e)  and  10(f)  for  transitional-speed  flame.  For 
comparison  purpose,  the  corresponding  plots  for  the  steady- 
state  flame  are  shown  in  Figs.  10(a)  and  10(b).  These  scatter 
plots  represent  the  data  collected  first  along  the  radial  lines 
at  several  flame  heights  and  then  converting  them  into 
mixture  fraction  coordinate.  Here,  mixture  fraction  (^)  is 
defined  as  the  net  mass  present  at  any  location  that  is 
originated  from  the  fuel  jet. 

In  general,  for  a  steady-state  flame  the  temperature  and 
fuel  and  oxygen  concentrations  are  yielding  self  similar 
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solutions  in  mixturc-fraction  domain.  However,  this  is  not 
true  with  respect  to  the  intermediate  species  that  are 
generated  in  the  flame  zone  [c.f.  Fig.  10(b)].  It  is  believed 
that  the  finite-rate  chemistry  in  combinadon  with  the 
varying  convecdve  vclocides  at  different  flame  heights  is 
causing  the  species  distributions  depend  not  only  on 
mixture  fracdon  but  also  on  the  flame  height.  As  expected, 
these  deviadons  are  more  on  the  fuel  side  >0.055)  for 
CH3  and  on  the  air  side  <0.055)  for  OH  radicals. 

Vortex-flame  interacdons  in  the  two  dynamic  flames 
resulted  in  scattered  data  for  every  variable  shown  in  Figs. 
10(c)- 10(f).  Flame  temperature  is  increased  at  certain  phases 
of  the  interacdon  and  decreased  at  the  other  phases.  These 
results  are  similar  to  the  ones  obtained  for  hydrogen  jet 
diffusion  flames^  in  which,  non-unity  Lewis  numbers  are 
found  responsible  for  such  behavior.  Since,  Lewis  number 
of  methane  is  less  than  unity  (similar  to  that  of  hydrogen), 
one  might  expect  both  the  hydrogen  and  methane  flames  to 
behave  similarly  during  vortex-flame  interacdons.  As  the 
inner  vordces  in  transidonal-speed  flame  are  not  quite  close 
to  the  flame  surface,  their  impact  on  the  flame  structure  is 
not  evident  in  temperature  or  in  major  species 
concentradons.  As  CH3  is  located  mostly  on  the  fuel  side, 
these  inner  vordces  are  resulting  more  scatter  in  its 
concentration  [Rg.  10(f)]. 

Conclusions: 

Accurate  dynamic  simulations  using  detailed'Chemical- 
kinedcs  models  for  hydrocarbon  fuels  are  needed  for 
understanding  flame  structure  and  various  processes  involved 
in  laminar  and  transitional  jet  flames.  An  axisymmetric, 
time-dependent  CFDC  code  is  developed  for  the  simulation 
of  methane  jet  diffusion  flames.  Calculations  are  perfOTmed 
for  a  steady-state  flame  and  for  two  dynamic  flames  that 
were  investigated  experimentally  in  the  past.  It  is  found  that 
the  modified  Peters  mechanism  with  and  without  Cj 
chemistry  are  sufficient  for  the  simulation  of  jet  flames. 
Very  good  predictions  are  made  using  C2  chemistry  for  the 
periodically  oscillating  flames  that  are  dynamic  due  to  the 
buoyancy-induced  instabilities.  Based  on  the  scatter  plots 
made  from  the  data  collected  at  several  heights  in  the  steady- 
state  flame  it  is  found  that  temperature  and  fuel  and  oxygen 
concentrations  collapse  on  to  a  single  curve  in  the  mixture- 
fraction  coordinates  whereas,  the  intermediate-species 
concentrations  don’t  follow  this.  It  is  also  found  that  the 
temperature  in  buoyancy-dominated  unsteady  methane 
flames  increases  at  certain  phases  of  vortex-flame  interaction 
which  is,  similar  to  that  observed  in  an  hydrogen  flame. 
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Fig.  1.  Comparison  of  radial-velocity  distributions 
obtained  with  (a)  Peters  mechanism  with  Cj  chemistry,  (b) 
Peters  mechanism  with  Cj  chemistry  and  (c)  GRI  1.2 
chemistry. 


Rg.  2.  Temperature  distributions  obtained  with  (a)  Peter's 
mechanism  with  Ci  chemistry,  (b)  Peters  mechamsm  with 
C2  chemistry  and  (c)  GRI  1.2  chemistry. 
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(a)  (b)  (c) 

Hg.  3.  OH-ra(Hcal  mole-fraction  distributions  obtained 
with  (a)  Peters  mechanism  with  Cj  chemistry,  (b)  Peters 
mechanism  with  C2  chemistry  and  (c)  GRl  1.2  chemistry. 


r  (mm)  r  (mm)  r  (mm) 

(a)  (b)  (c) 

Fig.  4.  Computed  methyl-radical  (CH3)  distributions  with 
(a)  Peters  mechanism  with  C|  chemistry,  (b)  Peters 
mechanism  with  Q  chemistry  and  (c)  GRI  1.2  chemistry. 


Fig.  5.  Comparison  of  measured  temperature  and  axial 
velocity  with  those  predicted  using  different  chemistry 
models  at  flame  heights  of  (a)  12,  (b)  24  and  (c)  50  mm. 
Symbols  represent  experimental  data.  Solid,  broken  and 
long-broken  lines  represent  predictions  made  with  C, 
Peters,  C2  Peters,  and  GRI  mechanisms,  respectively. 
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Fig.  6.  Comparison  of  measured  major  species 
concentrations  with  those  predicted  using  different 
chemistry  models  at  flame  heights  of  (a)  12,  (b)  24  and  (c) 
50  mm.  Legend  is  similar  to  that  of  Fig.  5. 


Fig.  7.  Comparison  of  minor  species  concentrations 
predicted  using  different  chemistry  models  with  those 
measured  at  flame  heights  of  (a)  12,  (b)  24  and  (c)  50  mm. 
Legend  is  similar  to  that  of  Fig.  5. 
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Fig.  8.  Instantaneous  images  of  experimental  and  computed  low-speed  dynamic  Fig.  9.  Instantaneous  Images  of  experimental  and  computed  transitional-speed 
flame  U  ~  0  5  m/s,  =  0.15  m/s.  (a)  Reactive-Mie-Scattering  image  showing  dynamic  flame.  Uj^t  =^4.1  m/s,  Uair  =  0.15  m/s.  (a)  Reactive-Mie-Scattering  image 
naturally' formed  vorticd  structures  (green)  and  soot  surface  (orange  )  and  (b)  showing  outer  and  inner  vortices  (green)  and  soot  surface  (orange)  and  (b)  locations 

locations  of  particles  (yellow)  superimposed  on  computed  temperature  field  of  particles  (yellow)  superimposed  on  the  computed  temperature  field  (rainbow 

(rainbow  colors).  White  solid  circles  represent  high-temperature  surface.  colors).  White  solid  circles  represent  the  Mgh-temperature  surface. 
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Vortex-flame  interactions  constitute  important  elements  of  a  turbulent  flame  and  are  building  blocks 
for  the  development  of  turbulent-flame  models.  When  a  vortex  originating  inside  the  flame  has  sufficiently 
hi^  normal  velocity,  it  can  pass  through  the  flame,  creating  a  localized  hole  in  which  no  chemical  reactions 
take  place.  An  experimental  and  numerical  investigation  was  conducted  in  an  attempt  to  understand  the 
local  quenching  process  associated  with  the  vortex-flame  interaction  in  a  methane  jet  diffusion  flame. 
Axisymmetric  toroidal  vortices  were  generated  periodically  in  a  low-speed,  laminar  jet  diffusion  flame  by 
driving  the  fuel  jet  at  a  frequency  of  30  Hz.  A  time-dependent,  axisymmetric  computational  fluid  dynamics 
with  chemistry  (CFDC)  model  that  incorporates  detailed  finite-rate  chemistry  for  CH4-O2  combustion 
was  developed  for  the  simulation  of  this  unsteady  jet  diffusion  flame.  The  code  was  validated  by  direct 
simulation  of  an  axisymmetric  counterflow  diffusion  flame  for  different  exit  velocities.  These  calculations 
were  found  to  yield  more  reliable  predictions  than  those  from  conventional  one -dimensional  analyses.  An 
accurate  prediction  for  the  quenching  limit  was  made  by  replacing  the  rate  expression  of  Peters  for  the 
chain  termination  reaction  involving  methyl  radicals  with  that  recommended  by  Wamatz.  Calculations 
were  made  for  the  unsteady,  coflowing,  jet  diffusion  flame,  and  the  local  and  temporal  quenching  processes 
observed  during  the  vortex-flame  interaction  were  successfully  simulated.  The  structures  of  the  weakly 
strained  and  near-quenching-limit  flames  were  studied  for  the  counterflow  and  coflow  configurations.  An 
order-of-magnitude  increase  in  the  production  and  destruction  rates  of  methyl  and  oxygen  radicals,  re¬ 
spectively,  was  found  in  the  flame  zone  of  the  coflowing,  jet  diffusion  flame  as  it  is  strained  to  near¬ 
quenching  limit — ^which  is  in  contrast  with  that  observed  in  a  counterflow  diffusion  flame. 


Introduction 

In  the  design  of  gas-turbine  combustors,  charac¬ 
teristics  of  practical  importance  are  lean  blowout, 
high-altitude  relight,  emissions,  and  combustion  ef¬ 
ficiency.  If  accurate  combustor  design  models  are  to 
be  developed,  a  better  understanding  of  the  turbu¬ 
lent-chemistry  interactions  involved  in  these  char¬ 
acteristics  is  required.  Turbulent  jet  diffusion  flames 
are  often  studied  to  gain  the  insight  needed  to  de¬ 
velop  such  interaction  models.  The  classical  defini¬ 
tion  of  an  unconfined  turbulent  jet  diffusion  flame 
is  provided  by  Hottel  and  Hawthorne  [1];  that  is,  a 
vertically  mounted  jet  diffusion  flame  is  considered 
to  be  fully  turbulent  when  its  entire  surface  area  be¬ 
comes  a  flame  brush,  which  means  that  the  flame 
has  a  highly  wrinkled,  bumpy,  or  rough  appearance. 

Improved  visualization  techniques  have  provided 
additional  insight  into  the  structure  of  a  turbulent 
flame  and  the  events  occurring  as  the  flame  becomes 
turbulent  [2].  The  wrinkles  or  bumps  in  the  flame 


are  observed  to  be  localized  protrusions  of  the  flame 
surface  that  result  when  three-dimensional  fluid  ele¬ 
ments  (often  associated  with  vortices)  of  different 
size,  shape,  velocity,  and  rotational  strength  interact 
with  reaction  zones  of  different  thickness.  This  in¬ 
teraction  processes  is  commonly  referred  to  as  the 
vortex-flame  interaction. 

An  understanding  of  vortex-flame  interactions  [3] 
is  important  for  several  reasons.  First,  these  inter¬ 
actions  can  increase  or  decrease  the  turbulent  re¬ 
action  rate.  When  vortex-flame  interactions  are 
moderate,  they  increase  the  surface  area  of  the  flame 
that  leads  to  an  overall  increase  in  the  global  reaction 
rate  and  a  reduction  in  the  length  of  the  flame.  How¬ 
ever,  if  a  vortex  retains  sufficiently  high  normal  ve¬ 
locity  after  traveling  through  the  viscous  combustion 
products,  then  it  can  pass  through  the  flame  by  cre¬ 
ating  a  localized  hole  in  which  no  chemical  reactions 
take  place  [4,5].  When  these  holes  form  near  the  jet 
exit,  they  can  cause  the  flame  to  split  or  hft.  If  the 
holes  cover  a  significant  portion  of  the  flame  surface. 
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the  global  reaction  rate  can  decrease,  which  can  lead 
to  a  reduction  in  combustion  efficiency  and  blowout. 
Second,  vortex-fiame  interactions  are  considered  to 
be  building  blocks  for  statistical  theories  of  turbulent 
flames.  It  is  conceivable  that  one  might  consider  an 
ensemble  of  only  a  few  basic  types  of  vortex-flame 
interactions  to  gain  an  accurate  representation  of  the 
statistical  result  of  what  might  appear  on  first  sight 
to  be  an  endless  number  of  interactions.  If  this  idea 
is  supported  by  experimental  results,  it  may  be  fea¬ 
sible  to  construct  a  statistical  turbulent-combustion 
model. 

This  paper  describes  a  numerical  and  experimen¬ 
tal  study  on  a  particular  type  of  flame-vortex  inter¬ 
action  that  was  obtained  in  a  driven  methane  jet  dif¬ 
fusion  flame  [6].  The  computational  fluid  dynamics 
with  chemistry  (CFDC)  code  was  vahdated  by  sim¬ 
ulating  the  counterfiow  diffusion  flame.  The  struc¬ 
tures  of  weakly  strained  and  near-quenching-limit 
flames  were  investigated  for  the  counterflow  and  cof¬ 
low  configurations. 


Mathematical  Model 

In  the  mathematical  model  [7],  time-dependent 
Navier-Stokes  equations  are  solved  along  with  spe¬ 
cies-  and  energy-conservation  equations  in  an  un¬ 
coupled  manner  on  a  staggered-grid  cylindrical  co¬ 
ordinate  system.  However,  the  species  equations  are 
solved  by  coupling  them  through  the  production 
terms.  The  body-force  term  due  to  the  gravitational 
field  is  included  in  the  axial-momentum  equation.  A 
clustered  mesh  system  is  employed  to  trace  the  large 
gradients  in  flow  variables  near  the  flame  surface.  A 
detailed  chemical-kinetics  model  proposed  by  Peters 
for  methane-air  combustion  [8]  is  used  in  this  for¬ 
mulation.  It  consists  of  17  species  (CH4,  O9,  CH3, 
CH2,  CH,  CH2O,  CHO,  CO2,  CO,  H2,  H,  6,  OH, 
H2O,  HO2,  H2O2,  and  N2)  that  are  involved  in  52 
elementary  reactions.  Reaction  rates  for  these  ele¬ 
mentary  reactions  were  obtained  from  Ref.  [8].  The 
thermophysical  properties  such  as  enthalpy,  viscos¬ 
ity,  thermal  conductivity,  and  binary  molecular  dif¬ 
fusion  of  all  17  species  are  calculated  from  die  poly¬ 
nomial  curve  fits  developed  for  the  temperature 
range  300-5000  K.  Mixture  viscosity  and  thermal 
conductivity  are  then  estimated  using  the  Wilke  and 
Kee  expressions,  respectively.  Molecular  diffusion  is 
assumed  to  be  of  the  binary-diffusion  type,  and  the 
diffusion  velocity  of  a  species  is  calculated  using 
Kick's  law  and  the  effective-diffusion  coefficient  of 
that  species. 

The  finite-difference  forms  of  the  momentum 
equations  are  obtained  using  an  implicit  QUICK¬ 
EST  scheme  [7,9],  and  those  of  the  species  and  en- 
ergy  equations  are  obtained  using  a  hybrid  scheme 
of  upwind  and  central  differencing.  At  every  time 
step,  the  pressure  field  is  accurately  calculated  by 


solving  all  the  pressure  Poisson  equations  simulta¬ 
neously  and  utilizing  the  LU  (lower  and  upper  di¬ 
agonal)  matrix-decomposition  technique.  The 
boundary  conditions  are  treated  in  the  same  way  as 
reported  in  earlier  papers  [7,10]. 

Results  and  Discussion 

Model  Validation 

The  CFDC  model  developed  for  the  investigation 
of  unsteady,  methane  jet  diffusion  flames  was  vali¬ 
dated  by  direct  simulation  of  the  axisymmetric  coun¬ 
terflow  jet  diffusion  flame  studied  by  Sung  et  al.  [11]. 
These  direct  simulations  for  counterflow  jet  diffu¬ 
sion  flames  not  only  eliminate  the  concerns  of  the 
quasi-one-dimensional  analyses  but  also  provide  a 
valuable  test  case  for  the  vdidation  of  multidimen¬ 
sional  mathematical  models.  The  burner  assembly 
consists  of  two  nozzle  burners  with  14-mm  exit  di¬ 
ameters  that  are  spaced  13  mm  apart.  The  fuel  and 
oxidizer  jets  emanating  from  the  nozzles  were  made 
to  impinge  on  each  other.  Outer  nitrogen  coflows 
were  used  to  isolate  and  stabilize  the  flame.  The  fuel 
and  oxidizer  streams  consisted  of  23%  methane  in 
nitrogen  and  23%  oxygen  in  nitrogen,  respectively. 
In  addition,  the  mean  exit  velocities  at  the  nozzles 
were  maintained  equal.  Several  calculations  were 
made  for  different  exit  velocities,  and  the  predictions 
were  compared  with  the  measurement  results. 

As  described  earlier,  the  chemical  kinetics  used  for 
these  simulations  was  adopted  from  the  mechanism 
recommended  by  Peters  [8].  Excellent  agreement 
between  the  computed  and  measured  profiles  for 
temperature  and  other  species  was  found  for  low- 
strain -rate  cases  (i.e.,  exit  velocities  <45.0  cm/s). 
However,  when  the  exit  velocity  was  increased  be¬ 
yond  50  cm/s,  the  computed  flame  quenched,  al¬ 
though  the  experimental  flame  was  extinguished  at 
a  velocity  of  --77.5  cm/s.  Little  improvement  was 
achieved  with  the  inclusion  of  C2  chemistry. 
Through  a  systematic  sensitivity  analysis  of  individ¬ 
ual  reactions,  it  was  found  that  tJie  chain  termination 
reaction  involving  methyl  radicals  (CH3  +  H  = 
CH4)  was  responsible  for  the  early  extinction  of  the 
computed  flame.  Under  the  assumption  that  the  val¬ 
ues  quoted  by  Peters  have  a  margin  of  error,  the 
calculations  were  made  by  gradujdly  reducing  the 
reaction  rate  of  the  foregoing  chain-termination  re¬ 
action.  It  was  found  that  a  rate  that  is  an  order  of 
magnitude  lower  than  that  given  by  Peters  yields  ex¬ 
tinction  at  a  velocity  of  77.5  cm/s.  Interestingly,  the 
rate  of  this  reaction  varies  widely  in  the  literature, 
and  Wamatz  [12]  has  recommended  a  different  set 
of  parameters  for  this  reaction.  The  reaction  rates 
recommended  by  Wamatz  and  Peters  are  quite  dif¬ 
ferent;  at  the  quenching  temperature  ('^1500  K), 
the  rate  of  the  former  is  an  order  of  magnitude  lower 
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Fig.  1.  Direct  simulation  of  coun¬ 
terflow  diffusion  flame  using  axisym- 
metric  CFDC  code.  Comparison  of 
calculated  (lines)  and  experimental 
(syinbols)  temperature  and  major- 
species  profiles  obtained  along  the 
stagnation  line  (r  =  0). 


Fig.  2.  Computed  molar-production  rates  of  reactants 
and  radicals  and  total-heat-release  rate  profiles  along  stag¬ 
nation  line  for  (a)  weakly  strained  flame  with  exit  velocity 
of  25.5  cm/s  and  (b)  flame  at  near-quenching  limit  with  exit 
velocity  of  77.5  cm/s. 

than  that  of  the  latter.  In  fact,  at  this  temperature, 
the  reaction  rate  obtained  from  the  Wamatz-rec- 
ommended  values  matched  very  closely  with  those 
obtained  through  the  trial-and-error  calculations. 
Replacing  the  rate  data  for  the  CH3  +  H  =  CH4 
reaction  with  those  given  by  Wamatz  [12],  the  cal¬ 
culations  were  repeated  for  different  exit  velocities. 


Typical  results  along  the  stagnation  line  obtained  for 
an  exit  velocity  of  25.5  cm/s  are  shown  in  Fig.  1  and 
compared  with  the  measurements  of  Sung  et  al.  [11]. 
Excellent  agreement  was  found  between  the  calcu¬ 
lated  and  measured  values  for  temperature  and  ma¬ 
jor  species  concentration.  It  should  be  noted  that, 
unlike  in  the  one-dimensional  calculations  [13,14], 
no  adjustment  was  made  in  the  mass  flow  rates  to 
match  the  predicted  temperature  profile  with  that 
measured — definite  advantage  in  using  two-di¬ 
mensional  CFDC  codes  for  counterflow  flame  prob¬ 
lems. 

Computed  flame  structures  for  the  other  velocity 
conditions  (45  and  64.5  cm/s)  investigated  by  Sung 
et  al.  [11]  showed  excellent  agreement  with  the  ex¬ 
perimental  data.  Sung  et  al.  [11]  indicated  that  the 
counterflow  diffusion  flame  formed  between  the  di¬ 
luted  methane  and  ox)^en  jets  was  extinguished 
when  the  exit  velocity  was  increased  to  '^77.5  cm/s. 
Amazingly,  when  the  calculations  were  performed  by 
increasing  the  exit  velocity  in  0.5-cm/s  steps,  it  was 
found  that  (1)  a  stable  flame  is  established  for  the 
exit  velocity  of  77.5  cm/s  and  (2)  the  flame  is 
quenched  when  the  velocity  is  increased  to  78.0  cm/ 
s.  To  characterize  the  differences  in  the  structures 
of  the  weakly  strained  flame  and  the  flame  obtained 
at  near-quenching  limits,  the  total  heat-release  and 
molar-production  rates  for  reactants,  CH3  and  other 
radicals  along  the  stagnation  line  for  the  25.5-  and 
77.5-cm/s  cases  are  shown  in  Figs.  2a  and  2b,  re¬ 
spectively.  These  flame  structures  are  very  similar  to 
those  computed  by  Sung  et  al.  [11]  for  the  CH4-air 
counterflow  diffusion  flame.  The  peak  temperature 
decreased  from  1683  to  1518  K  when  the  weakly 
strained  flame  (25.5  cm/s)  was  stretched  to  near-ex¬ 
tinction  limits  (77.5  cm/s).  Although  the  maximum 
reactant  consumption  rates  for  the  latter  case  are 
nearly  twice  those  of  the  former,  the  production  and 
consumption  rates  for  radicals  did  not  change  ap¬ 
preciably.  This  suggests  that  extinction  in  strained 
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Fig.  3.  E3q)erimental  image  of  unsteady  methane  jet  dif¬ 
fusion  flame  obtained  using  reactive-Mie-scattering  tech¬ 
nique.  Green  emission  from  Ti02  particles  represents 
instantaneous  flow  field,  ^d  blue  color  represents  time- 
averaged  fiame  surface. 

counterfiow  diffusion  flames  occurs  as  a  result  of  the 
decrease  in  temperature. 

The  CFDC  axle  used  in  the  present  study  was 
also  found  to  yield  excellent  predictions  [15]  for  the 
steady  coaxial  jet  diffusion  flames  studied  by  Mitch¬ 
ell  et  al.  [16].  Also,  the  CFDC  codes  developed  pre¬ 
viously  using  the  same  methodology  for  H2-02'’N2 
combustion  yielded  excellent  predictions  for  the  vor¬ 
tex-flame  interactions  in  hydrogen  jet  diffusion 
flames  [7,17],  Consequently,  ibe  present  code  is  be¬ 
ing  used  to  investigate  the  local  quenching  phenom¬ 
enon  that  was  experimentally  observed  in  the  driven 
methane  jet  diffusion  flame. 

Experiment  on  a  Drioen  Jet  DijJusUm  Flame 

The  ei^rimental  setup  used  to  generate  vortices 
Inside  a  kminar  jet  diffusion  flame  is  d^cribed  in 
detail  in  Ref,  [6],  This  simple,  axisymmetric  uncon- 
fined  burner  consists  of  a  central  fuel  nozzle  and  a 
coannular  air  duct  with  exit  diameters  of  10  and  152 
mm,  respectively.  The  fuel  nozzle  is  connected  to 
the  speaker  chamber  by  means  of  a  bng  tapered 
tube.  Fuel  is  pumped  through  the  side  ports  of  the 
^aker  chamber.  An  audio  speaker  is  mounted  in 
this  chamber  in  such  a  way  that  the  hollow  cone  of 
the  diaphragm  is  toward  the  nozzle  exit.  While  a 
steady  flow  of  fuel  is  maintained  throu^out  the  ex¬ 
periment,  puffs  of  fuel  are  periodically  ejected  from 


the  nozzle  by  driving  the  speaker  with  a  pulse  gen¬ 
erator.  The  flame  is  shielded  from  room-air  distur¬ 
bances  using  a  low-speed  air  flow  in  the  coannular 
duct.  This  system  permits  precise  control  of  the  fre¬ 
quency,  strength,  and  shape  of  the  vortex  that 
emerges  from  the  fuel  no2zle. 

Several  visualization  and  measurement  tedmiques 
are  used  to  c^ture  the  vortex-flame  interaction  pro¬ 
cess.  An  instantaneous  (phase)  image  obtained  with 
the  reactive-Mie-scattering  (RMS)  technique  [2]  is 
shown  in  Fig.  3,  With  this  method,  micron-sized 
I1O2  particles,  formed  from  the  spontaneous  reac¬ 
tion  between  the  seeded-TiCli  vapor  and  die  water 
vapor  produced  during  combustion,  are  visualized 
using  the  Mie-scatter^  light  from  a  laser  sheet. 
T1CI4  is  seeded  into  the  fiiel  flow,  and  the  laser  firing 
is  synchronized  with  the  speaker  driving  signal.  Im¬ 
ages  at  different  phases  are  obtained  by  changingthe 
delay  between  the  laser  firing  and  the  speaker  driv¬ 
ing  signals.  The  luminous  flame  surfiice  is  also  cap¬ 
tured  in  Fig.  3;  however,  it  represents  die  flame  in¬ 
tegrated  over  the  period  during  which  the  camera 
shutter  is  open.  Figure  3  illustrates  that  the  vortices 
generated  are  quite  symmetric.  The  vordces  are  in¬ 
troduced  into  die  flame  at  a  rate  of  30/sec,  which 
corresponds  to  the  driving  frequency  of  the  speaker 
pulse  generator.  The  thin  lines  surrounding  the  vor¬ 
tices  result  from  the  green  light  scattered  hy  the 
T1O2  particies.  The  motion  of  the  vortices  has 
pushed  the  flame  surface  radiaUy  outward  to  the 
point  where  it  is  locally  and  temporal^  quenched, 

Vortex-Flame  Interaction  and  Local  Quenching 

Typically,  a  methane  jet  diffusion  flame  anchors  on 
the  outer  side  of  the  fuel  nozzle  or  tube.  Simulation 
of  this  feature  is  very  important  for  driven  jet  flames 
because  flames  simulate  without  the  nozzle  lip  an¬ 
chor  in  the  shear  layer  and  tend  to  lift  off  easily  with 
the  driving  pulses.  Hence,  a  straight  tube  of  1-cm 
hei^t  ana  0.2-mm  wall  thickness  is  included  in  the 
calculation  domain.  Adiabatic  wall  boundary  condi¬ 
tions  are  imposed  along  the  tube  walls. 

The  undriven  jet  fiame  described  in  the  previous 
section  is  numerically  simulated  using  the  time-de¬ 
pendent  CFDC  codfe.  Flat  initial-velocity  profiles 
with  measured  mass-averaged  values  of  1.5  and  0.4 
m/s  were  employed  at  the  entrance  plane  of  the  fuel 
tube  and  the  exit  plane  of  the  anniuus  air  duct,  re¬ 
spectively.  Using  a  mesh  size  of  201  X  101,  calcu¬ 
lations  were  first  made  for  the  unsteady  flow  in  a 
250-  X  150-mm  computational  domain.  Typical  cal¬ 
culation  on  a  Pentium  Pro  200  MHZ  PC  took 
s  per  time  step.  The  buoyancy-influenced  instability 
resulted  in  a  weak,  low-frequen<y  flame  oscillation 
(~20  Hz),  but  no  vortex  roU  up  [5]  developed  out¬ 
side  the  flame  surface.  This  is  a  result  of  the  rela¬ 
tively  high  air-flow  rate  (0.4  m/s)  used  in  the  annulus 
duct. 
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Fig.  4.  Simulation  of  vortex-flame  interaction,  local  quenching,  and  reignition  in  unsteady  methane  jet  dilhision  flame. 
Computed  flames  obtained  at  instants  (a)  to  +  18.5  ms,  (b)  to  +  19-5  ms,  (c)  to  4”  21  ms,  and  (d)  to  +  27  ms.  Temperature 
and  melhane-con<«ntration  fields  are  shown  on  and  rig/it  halves,  respectively.  Instantaneous  locations  of  particles 
is}ioum  in  white)  are  superimposed  on  temperature  field.  Iso  contours  of  OJ^en  white  lines)  and  methyl-radical 
(broken  white  lines)  concentrations  are  superimposed  on  methane-concentration  field 


Tlie  computational  fiame  was  then  driven  pen- 
odically  by  perturbing  the  fuel  mass-flow  rate  at  the 
entrance  ot  the  fuel  tube  at  a  frequency  of  30  Hz. 
Hie  resulting  exit  velocity  has  a  weak-suction  pulse 
for  about  13  ms,  followed  by  a  sharp  mass  ejection 
for  a  period  of  14  ms.  This  velocity  perturbation  was 
obtained  by  modifying  the  experimentalfy  measured 
velodties  at  the  center  of  the  nozzle  exit  under  a 
nonreacting  environment  to  achieve  a  vortex  struc¬ 
ture  similar  to  that  observed  In  the  flame  experi¬ 
ment. 

Evolution  of  the  computed  flame  is  shown  in  Figs. 
4a  throng  4d  throu^  instantaneous  pbts  of  tem¬ 
perature,  species  concentrations,  and  particle  loca¬ 


tions  at  tQ  4*  18.5,  fo  +  19.5,  to  4*  21,  and  %  "b  27 
ms,  respectively.  Calculations  were  perfoiined  for 
several  perturbation  cycles  prior  to  the  results  shown 
in  these  figures.  The  temperature  field  color  coded 
between  blue  and  red  (representing  300  and  2200 
K,  respectively)  is  shown  on  the  right  half,  and  the 
fuel-concentration  distribution  is  shown  on  the  left 
half  In  addition,  iso  contours  of  oxygen  concentra¬ 
tion  and  methyl  radicals  are  plotted  with  solid  and 
broken  lines,  respectively.  Sets  of  massless  particles 
were  injected  into  the  flcrw  field  at  the  exit  of  the 
fuel  tube,  and  the  instantaneous  locations  of  all  the 
particles  are  plotted  in  white  on  the  right  half. 
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Fig.  5.  Structure  of  steady-state  (unperturbed)  flame  at 
a  height  of  27  mm.  Radial  profiles  of  {a)  temperature  and 
molar  concentrations  of  reactants  and  radicals  and  (h)  mo¬ 
lar-production  rates  of  reactants  and  radicals  and  total- 
heat-release  rate. 


Particle-trace  plots  clearly  identify  the  structure  of 
the  vortex  associated  with  the  puff  of  the  fuel.  When 
the  fluctuating  velocity  was  superimposed  on  the 
steady  fuel  flow  of  1.5  m/s,  the  resulting  velocity  at 
the  tube  entrance  temporarily  became  very  low,  be¬ 
tween  #0  at^d  #0  13  ms.  This  near-stagnant  flow 

condition  at  the  nozzle  entrance  caused  the  flame 
surface — and,  thereby,  the  viscous  fluid — to  ap¬ 
proach  the  axis  of  symmetry.  The  additional  fuel 
ejected  suddenly  with  a  velocity  of  14  m/s  (modified 
velocity  of  15.5  m/s)  collided  with  the  column  of  vis¬ 
cous  combustion  products  and  then  traveled  radially 
outward  (cf.  Fig.  4a),  forming  a  toroidal  vortex.  At 
this  instant  (to  +  18.5  ms),  the  flame  surface  at  an 
axial  height  of  s  =  27  mm  has  moved  radially  out¬ 
ward  from  7  to  12  mm.  The  interaction  of  the  vortex 
with  the  flame  surface  caused  the  flame  temperature 
to  decrease;  however,  no  local  quenching  was  noted. 
At  to  +  19-5  ms,  the  vortex  convected  downstream 
by  about  8  mm,  the  flame  between  s  ~  30  and  34 
mm  became  extinguished  (Fig.  4b),  and  a  hole  in  the 
flame  surface  was  formed.  Because  the  velocity  in 
the  potential  core  is  higher  than  that  near  the  flame 
surface,  by  to  +  21  ms,  the  vortex  has  moved  farther 


Fig.  6.  Flame  structure  obtained  at  an  instant  when  the 
flame  is  strained  to  near-quenching  limit  {to  +  18.5  ms). 
Radial  profiles  of  {a)  temperature  and  molar  concentra¬ 
tions  and  {b)  total-heat-release  rate  and  molar-production 
rates.  Flame  height  is  27  mm. 


downstream  compared  to  the  movement  of  die 
hole — leaving  the  tail  of  the  vortex  in  the  hole  region 
(Fig.  4c).  The  flame  and  vortex  shape  at  this  time 
compares  favorably  with  that  of  the  experiment 
shown  in  Fig.  3.  Note  that  significant  amounts  of 
oxygen  and  fuel  are  lealdng  through  the  hole  and 
creating  a  premixed  fuel  and  oxygen  mixture  in  the 
neighborhood  of  the  hole.  Reignition  is  taking  place 
in  the  hole  region  (Fig.  4d);  as  the  influence  of  the 
vortex  on  the  flame  surface  diminishes,  the  flame 
slowly  returns  to  its  unperturbed  position,  and  an¬ 
other  driving  cycle  follows. 

The  instantaneous  images  shown  in  Fig.  4  dem¬ 
onstrate  that  the  present  calculations  have  captured 
the  important  aspects  of  the  local  quenching  process 
observed  during  vortex-flame  interactions  in  a  jet 
diffusion  flame.  To  investigate  the  structural  differ¬ 
ences  between  the  counteSow  and  coflow  diffusion 
flames  near  extinction  limits,  flame  structures  ats  = 
27  mm  for  times  fo  (weakly  strained  flame)  and 
to  +  18.5  ms  (near-extinction-limit  flame)  are  plot¬ 
ted  in  Figs.  5  and  6,  respectively.  The  corresponding 
structures  for  the  counterfiow  diffusion  flame  were 
shown  in  Figs.  2a  and  2b. 
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As  the  flame  is  strained  to  near-quenching  limits 
by  the  vortex,  the  fuel  and  oxidizer  fluxes  into  the 
flame  zone  increase  significantly  (Figs.  5b  and  6b) 
and  result  in  an  increase  in  their  molar  consumption 
rates;  this,  in  turn,  yields  higher  production  and  de¬ 
struction  rates  for  the  intermediate  radical  species. 
The  production  rates  of  CH3  and  OH  and  the  con¬ 
sumption  rates  of  O  and  H  radicals  have  increased 
by  nearly  an  order  of  magnitude.  However,  a  com¬ 
parison  of  Figs.  5a  and  6a  suggests  that  only  the 
meth)4-radical  concentration  in  the  flame  zone  in¬ 
creases,  whereas  the  concentrations  of  the  other  rad¬ 
icals  such  as  H,  O,  and  OH  decrease.  This  is  caused 
by  (1)  the  longevity  of  CH3  radicals  and  (2)  the  fact 
that  the  vortex  pushes  not  only  more  fuel  into  the 
flame  zone  but  also  some  preformed  CH3  radicals. 
Increase  in  the  concentration  of  CH3  as  the  vortex 
pushes  the  flame  outward  [18]  is  also  evident  in  Fig. 
4a.  As  discussed  earlier  in  the  context  of  the  stability 
of  the  opposing-flow  jet  flame,  the  chain  termination 
reaction,  CH3  4-  H  =  CH4,  alters  the  extinction 
characteristics  of  a  strained  flame  significantly.  The 
higher  concentration  of  CH3  found  in  the  strained 
flame  (Fig.  6)  appears  to  be  destroying  the  radical 
pool  that  is  crucial  for  the  stability  of  the  flame.  This 
flame-quenching  mechanism  is  in  contrast  to  that 
found  in  counterflow  flames  in  which  only  a  slight 
increase  in  production  and  consumption  rates  of  the 
CH3  and  H  radicals  was  observed  when  the  flame 
was  strained  to  the  extinction  limits. 


Conclusion 

Vortex-flame  interactions  are  important  elements  of 
a  turbulent  flame  and  are  building  blocks  for  the 
development  of  turbulent-flame  models.  An  experi¬ 
mental  study  was  initiated  recently  at  Wright  Labo¬ 
ratory  to  establish  a  data  base  of  vortex-flame  inter¬ 
actions  for  the  validation  of  time-dependent  CFDC 
codes.  Axisym metric  vortices  were  periodically  gen¬ 
erated  inside  a  coflowing  methane  jet  diffusion  flame 
by  driving  the  fuel  jet  using  a  speaker,  and  phase- 
locked  images  of  interactions  with  the  flame  surface 
were  recorded. 

A  time-dependent  CFDC  code  that  incorporates 
17  species  involved  in  52  reactions  was  developed 
for  simulation  of  the  local  and  temporal  quenching 
process  observed  during  vortex-flame  interactions  in 
methane  jet  flames.  The  model  was  validated  by  di¬ 
rectly  simulating  axisymmetric  counterflow  diffusion 
flames  and  by  comparing  the  results  with  the  mea¬ 
surement  data  of  Sung  et  al.  [11].  No  adjustments 
were  made  in  the  flow  rates  as  was  done  in  the  one¬ 
dimensional  simulations  of  counterflow  flames  to 
match  the  temperature  profiles  for  these  axisym¬ 
metric  calculations.  It  was  found  that  although  the 
Peters  [8]  mechanism  yields  very  good  predictions 
for  the  weakly  strained  flame  structure,  it  fails  in 


predicting  the  quenching  limits.  By  replacing  the 
rate  expression  of  Peters  for  the  CH3  +  H  =  CH4 
chain-terminating  reaction  with  that  recommended 
by  Wamatz  [12],  the  quenching  limits  were  accu¬ 
rately  obtained. 

Calculations  were  made  for  the  vortex-flame  in¬ 
teractions  in  a  coflowing  jet  diffusion  flame.  Inclu¬ 
sion  of  the  fuel  tube  in  the  computational  domain 
was  found  to  be  necessary  to  avoid  lift-off  of  the 
flame  during  the  driving  sequence  of  the  fuel  jet. 
The  large  toroidal  vortex  formed  from  the  fuel  puff 
pushed  the  flame  radially  outward  and  created  a  hole 
on  the  flame  surface.  As  the  vortex  convected  down¬ 
stream,  reignition  took  place  in  the  hole  region,  and 
the  flame  returned  to  its  unperturbed  position.  It 
was  found  that  the  large  increase  in  CH3  radicals  in 
the  strained  flame  zone  depleted  the  radical  pool 
and,  hence,  quenched  the  flame  locally.  This 
quenching  process  is  different  from  that  observed  in 
steady  opposing-jet  flames  in  which  quenching  oc¬ 
curs  as  a  result  of  gradual  reduction  in  temperature 
with  strain  rate. 
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COMMENTS 


H.  N.  Najm,  Sandia  National  Laboratories,  USA.  Accu¬ 
rate  modeling  of  fljime  dynamics,  especially  as  pertains  to 
extinction  and  reignition,  necessitates  adequate  spatial  res¬ 
olution  of  flame  structure.  Figure  2  suggests  that  the  width 
of  the  heat-release  rate  peak,  as  well  as  the  H  production 
rate  peak,  is  roughly  0.2-0.3  mm.  How  can  the  spatial  res¬ 
olution  in  the  r  direction  (Jr  =  0.15  mm)  be  adequate? 
Moreover,  triple  flames  are  expected  to  form  as  the  flame 
reconnects  by  burning  into  the  partially  premixed  hole  re¬ 
sulting  from  local  extinction.  These  are  not  observed  in  the 
paper,  clearly  due  to  the  inadequacy  of  the  spatial  resolu¬ 
tion  for  describing  the  thin  premixed  flame  front  in  the 
triple  flame. 

Author’s  Reply.  Figure  2  shows  the  structure  of  the  op- 
posing-flow  jet  flame,  and  the  grid  used  for  that  simulation 
has  a  resolution  of  0.05  mm.  The  coaxial  jet  flame  shown 
in  Figs.  5  and  6  has  a  reaction-zone  thickness  of  ~1  mm, 
and  the  grid  resolution  of  0. 15  mm  is  adequate  for  resolving 
its  structure. 

Triple  or  tribrachial  flames  are  a  type  of  edge  flame  that 
may  develop  in  partially  premixed  environments.  One  of 
the  fundamental  criteria  that  must  be  satisfied  to  obtain 
these  flames  in  nonpremixed  flows  is  that  adequate  pre¬ 
mixing  of  fuel  and  oxidizer  must  occur  upstream  of  the 
flame  edge.  Other  factors  such  as  local  velocity  and  pref¬ 
erential  diffusion  may  also  play  a  role  in  the  formation  of 
triple-flame  edges.  The  experimental  work  of  Chung  and 
Lee  [1]  on  coaxial  non-premixed  jet  flames  shows  that  (1) 
triple  flames  do  not  form  near  the  edges  of  the  flames  that 
are  separated  from  the  burner  by  <10  mm,  and  (2)  triple 
flames  do  not  exist  for  methane  flames  that  blow  out  once 
the  flame-to-bumer  separation  is  >5  mm.  These  observa¬ 
tions  suggest  that  adequate  premixing  of  fuel  and  oxidizer 
is  required  for  the  formation  of  triple-flame  edges. 

In  the  present  calculations,  the  vortex-flame  interaction 
results  in  local  quenching,  and  the  hole  formed  on  the 
flame  surface  is  open  for  ~8  ms.  During  this  period,  even 
in  the  absence  of  convective  flow,  methane  will  diffuse  into 
a  0.9-mm -thickness  layer,  which  is  much  thinner  than  the 
2-mm  weakly  stained  diffusion  flame.  This  weak  premixing 


probably  is  not  sufficient  to  establish  a  triple-flame  struc¬ 
ture  to  the  edge  of  the  diffusion  flame.  Temperature  and 
OH-concentration  measurements  on  this  flame  revealed  no 
triple-flame  structure.  In  a  related  work  on  the  structure 
of  the  flame  base  [2],  we  used  a  grid  resolution  of  0.05  mm 
and  observed  no  triple-flame  structure  associated  with  a  4- 
mm  separated  flame.  Based  on  these  studies,  we  are  con¬ 
vinced  that  triple  flames  do  not  form  during  the  reignition 
process  in  the  local  hole. 
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• 

Quang-Viet  Nguyen,  NASA  Lewis  Research  Center, 

USA. 

1.  Nguyen  and  Paul  [1]  observed  a  sudden  increase  in  the 
OH  field  accompanying  the  extinction  of  the  flame  for 
.  a  rich  premixed  methane-air  flame  subject  to  a  strong 
vortex  interaction.  In  your  simulations  of  the  vortex- 
flame  interaction  for  non-premixed  methane-airflames, 
do  you  ever  observe  a  sudden  increase  in  the  OH  con¬ 
centration  at  the  time  of  flame  extinction? 

2.  In  your  figures,  the  CH  field  was  shown  to  break,  cor¬ 
responding  to  your  definition  of  extinction.  Does  the 
CH  break  occur  suddenly  (within  1  to  2  ms)  or  gradually 
over  many  mUleseconds? 

3.  How  were  the  transport  properties  in  your  simulation 
calculated?  Recent  work  by  Sandia  National  Labs  [2] 
has  found  that  the  original  transport  properties  theory/ 
database  (CHEMKIN)  in  use  by  many  groups  has  prob¬ 
lems,  and  a  revised  theoiy/database  is  now  available. 
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Authors  Reply.  We  do  see  some  increase  in  OH  con¬ 
centration  during  the  early  stages  of  the  vortex-flame  in¬ 
teraction.  This  increase  results  from  the  superequilibrium 
concentrations  that  develop  in  weakly  strained  diffusion 
flames.  During  the  vortex-flame  interaction  under  consid¬ 
eration  in  the  present  study,  the  CH  concentration  was  re¬ 
duced  to  zero  from  its  peak  value  in  shghtly  less  than  1  ms. 
As  mentioned  in  the  paper,  we  estimate  the  transport  prop¬ 
erties  using  Lennard-Jones  potentials  that  were  taken  from 
the  CHEMKIN  database.  It  will  be  interesting  to  note  the 
impact  on  our  methane  flames  of  the  modifications  sug¬ 
gested  by  Paul  for  evaluating  the  transport  properties. 


Robert  Barlow,  Sandia  National  Laboratories,  USA. 

1.  To  follow  up  on  the  previous  question  regarding  the 
presence  of  triple  flames,  is  it  possible  that  triple-flame 
structure  would  be  observed  if  a  finer  grid  were  used  in 
the  calculation? 

2.  Validation  of  the  chemical  mechanism  in  a  steady  op¬ 
posed  flow  flame  calculation  does  not  necessarily  mean 
that  mechanism  performs  accurately  when  there  is  ex¬ 
tinction  and  reiginition.  Have  you  done  any  other  testing 
on  this  mechanism,  or  are  there  plans  to  run  the  cal¬ 
culation  using  detailed  chemistry,  such  as  the  GRI  or 
Wamatz  mechanisms? 


Authors  Reply.  The  grid  spacing  used  in  the  present 
study  is  sufficient  to  capture  premixed  flames.  Based  on 
these  calculations  and  the  experimental  data,  we  are  con¬ 
vinced  that  the  flame  edges  in  the  hole  region  do  not  ex¬ 
hibit  triple-flame  structure. 

The  chemical  mechanism  used  in  this  paper  was  vali¬ 
dated  not  only  for  the  simulation  of  extinction  in  opposing- 
flow  flames  but  also  for  the  prediction  of  standoff  distance 
for  the  coaxial  jet  diffusion  flame  [1].  Also,  we  have  ob¬ 
tained  reasonable  predictions  with  this  mechanism  for  a 
variety  of  flow  conditions,  and  these  results  compare  fa¬ 
vorably  with  those  obtained  with  the  GRI  mechanism.  We 
are  currently  performing  simulations  using  the  GRI  mech¬ 
anism  for  the  unsteady  flame  discussed  in  this  paper. 
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Charles  J.  MtieUer,  Sandia  National  Laboratories,  USA. 
Did  you  observe  any  evidence  of  triple  flames  reconnection 
after  the  local  extinction  event? 

Authors  Reply.  There  is  no  triple-flame  structure  asso¬ 
ciated  with  the  edges  of  the  broken  flame  shown  in  this 
work. 


742 


Twenty-Seventh  Symposium  (International)  on  Combustion/The  Combustion  Institute,  1998/pp.  675-684 

PUBLISHED  WITH  PERMISSION 


ATTACHMENT  MECHANISMS  OF  DIFFUSION  FLAMES 


FUMIAKI TAKAHASHI,*  W.  JOHN  SCHMOLL*  AND  VISWANATH  R.  KATTA® 
^IJniijersity  of  Dayton 
Research  Institute 
300  College  Park 
Dayton,  OH  45469.  VSA 
^Innovative  Scientific  Solutions,  Inc. 

2766  Indian  Ripple  Road 
Dayton.  OH  45440.  USA 


A  coniinon  view  of  the  stabiludng  mechanisni  of  methane  diffusion  flames,  including  jet  and  porous  flat- 
plate  burner  flames,  is  presented.  TWo-color  particle-imaging  velocimetry  measured  the  velocity  field  in 
the  stabilizing  re^on  of  jet  diffusion  flames  under  near-lifting  conditions.  Computations  using  a  time- 
dependent,  implicit,  third-order  accurate  numerical  model,  including  semidetailed  chemical  kinetics  and 
buoyancy  effects,  revealed  the  detailed  structures  of  the  vertical  jet  diffusion  flames  and  flat-plate  burner 
flames  with  different  orientations  of  the  plate  surface  and  fuel  injection.  The  numerical  results  are  in  a 
good  agreement  with  the  measurements  in  the  flame  base  locations  and  surrounding  velocity  fields.  In  the 
calculations  of  both  classes  of  flames,  the  highest  reactivity  spot  (reaction  kernel)  with  peak  rates  of  heat 
release,  oxygen  consumption,  and  water  vapor  production,  was  formed  in  the  relatively  low-temperature 
(<1600  K)  flame  base  as  a  result  of  back  diffusion  of  radical  species  against  the  incoming  oxidizing  flow. 
The  CH3  +  O  CHgO  +  H  reaction  predominantly  contributed  to  the  heat-release  rate  peak.  Heuristic 
correlations  were  found  between  the  heat-release  or  o)^gen-consumption  rate  and  the  local  velocity  over 
a  wide  range.  At  a  high  coflow  air  velocity  in  a  jet  diffusion  flame,  the  flame  base  shifted  slightly  downstream 
before  lifting,  resulting  in  a  higher  reactivity  and  thereby  withstanding  at  a  higher  local  velocity:  On  the 
other  hand,  in  a  long  horizontal  flat-plate  flame  with  downward  fuel  injection,  a  recirculation  zone  was 
formed  ahead  of  the  flame  base,  resulting  in  an  order-of-magnitude  lower  local  velocity  and  reactivity. 
Therefore,  the  reaction  kernel  provides  a  stationary  ignition  source  and  sustained  stable  combustion  for 
incoming  reactants,  thus  holding  the  trailing  diffusion  flame  in  the  oxidizing  stream. 


Introduction 

The  attachment  of  a  diffusion  flame  to  solid  or 
liquid  surfaces  is  of  both  fundamental  and  practical 
importance  because  of  their  relation  to  flame  hold¬ 
ing  by  bodies  in  combustion  chambers  and  fire 
spread  through  condensed  fuels  [1],  Simple  diffu¬ 
sion  flames  formed  in  a  gaseous  fuel  jet  [2-16]  or 
over  a  flat  fuel  surface  in  a  parallel  oxidizing  stream 
[1,17-19]  have  long  been  studied  as  model  flames 
for  practical  combustion  systems  and  fires.  A  com¬ 
mon  feature  among  these  flames  is  the  formation  of 
flame  bases,  or  edge  flames  [20],  which  attach  to  the 
surfaces  with  a  small  dark  space  in  between.  There¬ 
fore,  there  must  be  a  common  flame-holding,  or 
standing,  mechanism  related  to  these  classes  of  dif¬ 
fusion  flames.  If  the  flame  attachment  is  properly 
understood,  the  flame  detachment  stability  limits, 
that  is,  lifting  or  blow-off,  can  be  elucidated  more 
readily. 

The  base  of  a  jet  diffusion  flame  is  often  postulated 
[21]  to  possess  a  sort  of  flame  velocity  to  propagate 
downward  against  the  gas  stream,  thus  preventing 


the  flame  from  lifting.  Indeed,  the  critical  entraining 
velocity  into  the  flame  base  at  lifting  correlated  well 
with  the  maximum  burning  velocity  obtainable  by 
mixing  the  jet  fluid  and  external  oxidizing  fluid  for 
hydrogen  flames  [7,14].  Although  the  postulation  is 
relevant  to  laminar  lifted  flames  whose  standoff  dis¬ 
tance  is  large  enough  to  allow  fuel-air  premixing  and 
form  a  triple-flame  base  structure  [22,23],  it  has  not 
been  substantiated  for  the  attached  flame  stabiliza¬ 
tion.  Measurements  in  the  stabilizing  region  of  at¬ 
tached  methane  flames  [4,6,9]  showed  a  partially 
premixed  zone  in  the  dark  space.  However,  at  a  low 
jet  velocity,  the  flame  structure  was  similar  to  that  of 
a  counterflow  diffusion  flame  [24]  and  no  evidence 
of  premixed  flame  propagation  was  found  [9].  Thus, 
the  level  of  fuel-air  mixing  in  the  dark  space  depends 
on  the  flow  conditions  and  fuel  properties  (diflusiv- 
ity,  reactivity,  etc.),  which  determine  the  flame  base 
location  and  mixing  time.  Moreover,  the  actual  re¬ 
action  rates  in  diffusion  flames  are  controlled  by  the 
reactant  transport  rates.  Consequently,  the  local 
flame  base  structure  must  be  revealed  to  foster  bet¬ 
ter  understanding  of  flame  stabilization. 
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TABLE  1 
Test  conditions 


LAMINAR  DIFFUSION  FLAMES 


Case  No. 

Air  Velocit\'  (ni/s) 

Fuel  Velocity  (m/s) 

Jet  Diffiuiion  Flames  {up\vard) 

0.19 

1.7 

J2 

0.19 

11.5 

J3 

0.36 

1.7 

0.36 

6.9 

J5 

0.72 

1.7 

PlaUPlate  Burner  Flames 

PO 

0.65  (zero  gravity) 

0.02  (zero  gravity) 

PI 

0.65  (upward) 

0.02  (horizontal) 

P2 

0.65  (downward) 

0.02  (horizontal) 

P3 

0.65  (horizontal) 

0.02  (upward) 

P4 

0.65  (horizontal) 

0,02  (downward) 

P5 

1.2  (horizontal) 

0.008  (downward) 

The  recent  development  [25,26]  of  a  numerical 
code  enabled  us  to  simulate  accurately  the  structure 
of  diilusion  flames  [16,27].  This  paper  reports  the 
computational  and  e.xperimental  results  of  the  struc¬ 
ture  of  the  stabilizing  region  of  jet-  and  flat-plate 
diffusion  flames  to  extract  a  common  flame  attach¬ 
ment  mechanisms- 


Experimental  and  Numerical  Techniques 

The  burner  system  is  similar  to  that  described 
elsewhere  [13-15].  The  burner  consists  of  a  fuel 
tube  (inner  diameter:  d  =  9.45  mm,  lip  thickness:  3 
=  0.2  mm)  and  a  concentric  air  tube,  centered  in  a 
vertical  combustion  chimney.  The  two-color  parti¬ 
cle-imaging  velocimetry  (PIV)  developed  by  Goss  et 
al.  [28]  is  described  in  a  previous  paper  [15].  Mie 
scattering  from  the  seed  particles,  illuminated  by  the 
time-delayed  green-pulsed  Nd:YAG  and  red  dye  la¬ 
ser  sheet,  is  recorded  on  color  film,  digitized,  and 
processed  using  a  cross-correlation  technique. 

The  numerical  code  developed  by  Katta  [25,26]  is 
the  same  as  in  previous  papers  [16,27].  A  semide- 
tailed  chemical-kinetic  model  [29],  including  52  el- 
ementarv’  steps  for  17  species,  is  used  to  describe 
CH4-O2  combustion.  The  Arrhenius  parameters  for 
the  readion  CH3  +  H  CH4  (R45)  are  replaced 
with  those  by  Wamatz  [30]  because  they  more  ac¬ 
curately  predict  [26]  extinction  of  counterfiow  dif¬ 
fusion  flames  [31].  The  computational  domain  of  150 
X  60  mm  in  axi^  (.r)  X  radial  (r)  directions  is  rep¬ 
resented  by  a  mesh  s)*stem  of  271  X  101  with  clus¬ 
tered  grid  lines  near  the  jet  exit  with  a  minimum 
spacing  of  0.05  mm.  The  fuel  tube  (d  =  9.5  mm) 
exit  plane  is  placed  10  mm  from  the  inflow  boundary. 
The  fully  developed  pipe  flow  and  boundary  layer 
velocity’  profiles  outside  the  burner  tube  are  used. 


(a)  (b) 


Fig.  1.  Two-color  particle-imaging  velocimetry  photo¬ 
graphs  of  the  stabilizing  region  of  methane  jet  diffusion 
flames,  d  =  9.45  mm.  Laser  intensity:  ^20  mj/pulse;  time 
delay:  TO  //s;  and  sheet  thickness:  —0.5  mm.  Seed  particles: 
zirconia  (<1  /im,  97%  1  (a)  (/a  =  0.36  m/s,  f/j  =  6.7  m/s; 
(b)  =  0.72  m/s.  Uj  =  1.8  m/s. 

The  test  conditions  are  listed  in  Table  1,  The  mean 
jet  velocity  (C/j)  and  mean  annulus  air  velocity 
for  cases  J2,  J4,  and  J5  are  slightly  below  the  mea¬ 
sured  lifting  limit  curve  [13].  The  boundary  condi¬ 
tions  and  results  for  flat-plate  burner  flames  are  de¬ 
scribed  in  detail  elsewhere  [27].  The  air  and  fuel 
velocities  for  cases  P3  and  P5  are  the  same  as  thoese 
of  tlie  experiments  [17,19]. 


Results  and  Discussion 

PIV  Meamrenients 

Under  the  conditions  of  cases  J1  through  J4,  the 
base  of  visible  (blue)  flame  was  attached  to  the 
burner  rim  with  a  dark  space,  which  was  nearly  a 
half  minimum  quenching  distance  (2.2  mm  [2])  of 
the  methane-air  mixture.  As  C/j  was  gradually  in¬ 
creased  from  the  conditions  of  cases  J2  or  J4,  the 
flame  lifted  abruptly  a  few  jet  diameters  above  the 
burner.  By  contrast,  for  case  J5,  the  flame  base  grad¬ 
ually  shifted  a  few  millimeters  downstream  just  be¬ 
fore  lifting.  Fig.  1  shows  tlie  PIV  photographs,  with 
the  time  exposure  image  of  risible  flame  zone  and 
the  burner  rim,  under  near-lifting  conditions  close 
to  cases  J4  and  J5,  respectively,  revealing  the  distinct 
lifting  modes.  The  jet  Re^molds  number  {Rcj  —  U-^d/ 
Vj  where  d:  jet  diameter;  Vj :  kinematic  viscosity  of 
methane)  were  —3780  and  —1020,  respectively. 
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Fig.  2.  Measured  velocity  vectors  in  the  stabilizing  region  of  methane  jet  diffusion  flames,  including  traces  of  the  jet- 
external  fluid  boundary,  low  number-density  boundary,  visible  flame  zone,  and  burner  rim.  d  —  9.45  mm.  (a)  Ua  —  0.36 
m/s,  Uj  ==  6.7  m/s;  (b)  =  0.72  m/s,  Uj  1.8  m/s. 


Two-color  PIV  is  advantageous  because  photo¬ 
graphs  are  useful  not  only  for  velocity  measurements 
but  also  for  extracting  qualitative  flow  visualization 
information  [15].  The  quality  of  images,  including 
color  tinge,  depends  on  the  number  density  of  par¬ 
ticles,  particle  displacement,  local  laser-sheet  inten¬ 
sities,  exposure  period,  film  type,  and  so  forth.  In 
Fig.  la,  the  pipe  flow  was  turbulent,  and  the  jet- 
extemai  fluid  boundary  showed  developing  large- 
scale  vortices  [15].  By  contrast,  in  Fig.  lb,  the  jet- 
external  fluid  boundary  was  smooth,  showing  an 
entirely  laminar  flow.  The  cold  annulus  air  (high 
number  density)  was  entrained  through  the  dark 
space  onto  the  fuel  side  of  the  visible  flame  zone. 
Thus,  the  flame  base  is  thermally  isolated  from  the 
wall  eiSect  under  this  condition.  The  outer  boundary 
of  a  low  number-density  zone  around  the  visible 
flame  zone  was  due  to  thermal  expansion  of  gases  at 
high  temperatures.  The  inner  boundary  of  the  low 
number-density  zone  showed  an  outermost  stream¬ 
line  in  the  entrained  high  number-density  flow, 
rather  than  the  hot  boundary,  as  will  be  described 
using  the  numerical  results  in  the  next  section. 

Fig.  2  shows  the  measured  instantaneous  velocity 
vector  fields.  In  both  cases,  a  low-velocity  region  was 
formed  around  the  burner  rim  and  wake.  The  an¬ 
nulus  air  slightly  expanded  near  the  flame  base,  ac¬ 
celerated  in  the  hot  zone,  penetrated  through  the 


dark  space,  or  crossed  the  visible  flame  zone.  In  Fig. 
2a,  the  evolution  of  large-scale  vortices  caused  a  zig¬ 
zag  motion  on  the  fuel  side  of  the  visible  flame  zone. 
In  Fig.  2b,  the  stable  visible  flame  base  shifted 
downstream  to  x  3  mm. 

Flame  Base  Structure 

Figure  3  shows  the  calculated  velocity  vectors  (v), 
isotherms  (T),  and  heat-release  rate  (q)  contours  in 
the  stabilizing  region  for  cases  J4  and  J5.  The  heat- 
release  rate  showed  a  sharp  peak  at  the  base  of  the 
flame  at  relatively  low  temperatures  (^1600  K).  As 
will  be  shown  later,  the  oxygen  consumption  rate 
( “  coqJ  and  water  vapor  production  rate  (COH20)  ^so 
have  peaks  close  (typically  ~0.05  mm)  to  the  heat- 
release  rate  peak.  We  call  this  highest  reactivity  spot 
(including  the  peaks  of  9,  —  (Oo.^  and  coup)  reaction 
kernel  in  this  paper.  It  is  notable  that  for  cases  J1 
through  J3  [not  shown]  and  case  J4  (Fig.  3a),  the 
simulated  flame  base  was  attached  to  the  burner  rim, 
whereas  for  case  J5  (Fig.  3b),  it  was  slightly  away 
(^3  mm)  from  the  burner  exit.  The  results  are  in 
good  agreement  with  the  experiment  (Fig.  2),  except 
that  the  flame  base  location  is  slightly  lower  than  that 
of  the  experiment  for  case  J4.  In  both  cases  J4  and 
J5,  there  was  a  low  velocity  region  near  the  burner 
rim  and  wake.  The  co-flow  air  accelerated  and 


745 


678 


LAMINAR  DIFFUSION  FLAMES 


7 

(mm) 


1P 


>\\ \ 1 1 1 1 


1/1 1 
lift 
nif  I 
iifllft  I 

IIUIII!  I 
Hllfff//////  / 

I 

I 

.iiiittimn  tv 

,,iini!tt!tt  I  , 

6  7  8 


Fig.  3.  Calculated  velocity  vectors,  isotherms  (unit,  K),  and  heat-release  rate  (J/cm^s)  in  the  stabilizing  region  of 
methane  jet  diffusion  flames,  (a)  Case  J4;  (b)  case  J5. 


stream  tubes  slightly  expanded  by  approaching  the 
flame  zone,  crossed  the  flame  zone,  or  penetrated 
through  the  darlc  space  onto  the  fuel  side  of  the 
flame  zone.  Furthermore,  in  Fig.  3b,  streamlines 
penetrating  below  the  reaction  kernel  are  not  sub¬ 
jected  to  the  flame  temperatures  (>16(X)  K),  and 
thus,  the  inner  boundary  of  the  low  number-density 
zone  in  the  PIV  photograph  (Fig.  lb)  was  the  out¬ 
ermost  streamline  of  the  penetrated  flow  rather  than 
the  isotherms.  These  results  have  demonstrated  that 
the  present  numerical  code,  with  the  semidetailed 
kinetics,  can  accurately  predicting  the  flame  struc¬ 
ture,  including  the  standoff  distance  and  the  subtle 
features  in  the  velocity  field,  based  on  the  first  prin¬ 
ciple  without  adjustable  parameters. 

Figure  4  shows  ^e  calculated  total  molar  flux  vec¬ 
tors  of  methane  dashed)  and  molecular  03^- 

gen  (Mog,  sohd),  including  both  diffusion  and  con¬ 
vection  terms,  contours  of  the  equivalence  ratio 
and  the  oxygen  consumption  rate  for  cases  J4  and 
J5.  The  equivalence  ratio  was  determined  from  the 
fuel  and  oxygen  molar  fluxes,  thus  including  the  ef¬ 
fects  of  both  convection  and  diffusion.  In  the  upper 
portion  of  both  flames,  the  molar  flux  vectors  of 
methane  and  oxygen  turned  toward  the  flame  zone 
from  the  opposite  sides,  typical  of  diffusion  flames. 
In  the  dark  space,  partial  premixing  occurred  by  in- 
terdiffusion.  At  the  reaction  kernel,  there  was  a  com¬ 
mon  component  of  the  methane  and  oxygen  flux  vec¬ 


tors,  an  essential  feature  of  premixed  flames  [9]. 
However,  the  thickness  of  the  zone  within  the  flam¬ 
mability  limits  (0.5  <  </>  <  1.7  [2])  was  small  (<0.2 
mm  for  }4  and  <0.5  mm  for  J5)  compared  with  the 
minimum  quenching  distance  (2.2  mm  [2]).  Thus, 
the  flames  under  investigation  apparendy  did  not 
have  the  triple-flame  base  structure  [20,21];  that  is, 
the  stoichiometric  flame  base  with  fuel-rich  and  fuel- 
lean  branches  on  the  fuel  and  air  sides,  respectively. 
More  importandy  the  high  reactivity  zone  extended 
more  into  the  fuel-lean  region. 

Figure  5  shows  the  calculated  total  molar  flux  vec¬ 
tors  of  atomic  hydrogen  (Mh),  the  mole  fraction  of 
molecular  oxygen  (Xo^h  and  the  rate  of  water  vapor 
production  for  cases  J4  and  J5.  In  the  upper  portion 
of  both  flames,  the  molar  flux  vectors  of  atomic  hy¬ 
drogen  pointed  to  opposite  sides  of  the  flame  zone 
as  a  result  of  strong  diffusion.  By  contrast,  at  the 
reaction  kernel,  hydrogen  atoms  diffused  all  around 
the  downward  directions.  This  trend,  peculiar  to  the 
geometric  edge  of  the  flame,  was  dso  found  for 
other  radical  species  (OH,  O,  and  CH3,  etc.).  Hence, 
the  flame  base  was  more  exposed  to  air  (aerated), 
and  the  oxygen  mole  fraction  at  the  reaction  kernel 
was  substantially  higher  than  a  typical  oxygen  leak¬ 
age  in  diffusion  flames  (Xog  0.02  [24]).  The  oxygen 
concentration  gradient  also  became  steeper  around 
the  reaction  kernel.  Therefore,  various  radical  spe¬ 
cies  were  able  to  back-diffuse  and  interdiffuse  into 
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Fig.  4.  Calculated  molar  flux  vectors  of  methane  (dashed)  and  molecular  oxygen  (solid),  equivalence  ratio  based  on 
the  fuel  and  mq^en  fluxes,  and  ojq^gen  consumption  rate  (mol/cm^s)  in  the  stabilizing  region  of  methane  jet  diffusion 
flames,  (a)  Case  J4;  (b)  case  J5. 

the  lower-temperature,  oxygen-rich  zone  against  the 
convective  oxidizing  flow.  As  a  result,  the  reaction 
zone  broadened,  convective  and  diffusive  oxygen 
fluxes  increased,  and  thus  the  global  reaction  rates 
increased. 

More-detailed  information  on  the  flame  structure, 
including  chemical  kinetic  effects,  can  be  extracted 
by  examining  the  profiles  of  various  variables.  Be¬ 
cause  the  deviations  from  pure  diffusion  flames  were 
minimal  in  case  P5  and  most  evident  in  case  J5,  a 
focus  will  be  placed  on  case  J5,  although  the  general 
trends  were  similar  with  lesser  magnitudes  in  other 
flames  (cases  J1  through  J4).  Figs.  6  and  7  show  the 
radial  variations  of  the  temperature,  species  mole 
fractions  (Xi),  heat-release  rate,  species  production 
rates  (cUj),  and  major  eleinentary  step  reaction  rates 
(cOj)  across  the  flame  at  two  different  heights  (x  — 

2.98  and  6  mm)  for  case  J5.  In  an  upper  location 
(Fig.  6),  the  distributions  of  the  temperature  and 
major  species  are  typical  of  diffusion  flames,  except 
for  the  increased  oxygen  mole  fraction  on  the  fuel 
side  due  to  the  influence  of  the  oxygen  penetration 
through  the  dark  space.  The  mole  fractions  and  pro¬ 
duction  rates  of  the  fuel  fragments  (CH3)  and  inter¬ 
mediates  (H2  and  CO)  peaked  on  the  fuel  side,  and 
chain  radical  species  (OH,  H,  and  O)  and  products 
(H2O  and  CO2)  peaked  on  the  air  side  of  the  tem¬ 
perature  or  heat-release  rate  peak.  The  methane 


consumption  rate  peak  was  on  the  fuel  side,  and  that 
of  oxygen  was  on  the  air  side.  A  prominent  feature 
in  the  reaction  rate  plot  (Fig.  6c)  was  paring  of  the 
forward  and  backward  reactions.  The  differences  in¬ 
dicate  the  deviation  from  partial  equilibria  and  the 
net  reaction  rates.  These  reactions  include:  H  +  O2 
^  OH  +  O  (forward:  Rl/backward:  R2),  O  +  H2 
OH  +  H  (R3/R4).  H,  +  OH  HoO  +  H  (R5/ 
R6),  OH  +  OH  5:^  O  +  H2O  (R7/R8),  CO  +  OH 
CO9  +  H  (R25/R26),  CH9  +  H  CH  +  H2 
(R34/R35),  CH3  +  H2  ^  CH4  +  H  (R48/R50),  and 
CH3  +  H2O  CH4  4-  OH  (R49/R52). 

The  reaction  kernel  structure  (Fig.  7)  shows  strik¬ 
ing  differences  and  deviations  from  the  trailing  dif¬ 
fusion  flame  structure  (Fig.  6).  There  were  second¬ 
ary  peaks  in  the  oxygen  mole  fraction  (Xq^  «=*  0.12) 
on  the  fuel  side  of  the  relatively  low  peak  tempera¬ 
ture  (-^IflOO  K)  and  a  small  hump  in  the  meffiane 
mole  fraction  (Xch4  ^  0.007)  on  the  air  side.  These 
resulted  from  the  air  penetration  and  the  methane 
efflux  through  the  dark  space.  The  minimum  oxj^en 
mole  fraction  at  the  reaction  kernel  was  substantially 
higher  (Xq,  0.06).  The  oxygen  consumption  rate 
was  widely  distributed  over  the  entire  reaction  zone, 
closely  following  the  heat-release  rate  and  v^ter  va¬ 
por  production  rate.  In  Fig.  7c,  the  near-partial- 
equilibrium  pairs  disappeared,  except  for  the  reac¬ 
tions  R7/R8.  The  reactions  Rl,  R3,  R5,  R25,  R34, 
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Fig.  5.  Calculated  molar  flux  vectors  of  atomic  hydrogen,  mole  fraction  of  OJ^gen,  and  water  vapor  production  rate 
(mol/cm^s)  in  the  stabilizing  region  of  methane  jet  diffusion  flames,  (a)  Case  J4;  (b)  case  J5, 


R50,  and  R52  are  dominant  compared  with  their 
counterparts,  and  thus  their  net  reaction  rates  in¬ 
creased  several  times  to  an  order  of  magnitude.  Pos¬ 
sible  causes  include  the  higher  molecular  oxygen 
concentration  (for  Rl),  the  depleting  radical  pool  at 
lower  temperatures  (Rl  and  R3),  lower  activation 
energy  reactions  favored  at  lower  temperatures  (R5, 
R25,  R34,  and  R52),  and  reactions  with  larger  preex¬ 
ponential  factor  (Rl,  R50,  and  R52).  It  is  notable 
that  the  reaction  rate  of  an  important  chain-branch¬ 
ing  step  H  +  O2  (Rl)  increased  even  at  lower  tem¬ 
peratures  and  that  of  H2  +  OH  (R5)  was  maintained 
at  a  high  level,  thus  maintaining  the  H2-O2  chain 
reactions  going.  In  addition,  the  steps  CH4  +  H 
(R50)  andCH4  +  OH  (R52)  kept  producing  methyl 
radicals.  The  most  striking  feature  is  a  phenomenal 
increase  in  the  reaction  rate  of  CH3  +  O  CH2O 
+  H  (R46).  In  fact,  a  plot  of  the  heat-release  rate 
of  each  chemical  reaction  step  (not  shown)  revealed 
that  this  step  predominantly  contributed  to  the  total 
heat-release  rate  peak  at  the  reaction  kernel.  In  the 
trailing  diffusion  flame  zone  (Fig.  7),  the  methyl  rad¬ 
icals  and  oxygen  atoms  were  separated  on  the  fuel 
side  and  air  side,  respectively,  and  thus,  the  reaction 
rate  of  R46  and  its  contribution  to  heat  release  were 
smaller  than  those  of  R5,  R7,  and  R2.  Therefore,  the 
back-diffusion  and  interdiffusion  of  the  radical  spe¬ 
cies  (H,  OH,  O,  and  GH3)  directly  into  the  oxygen- 
rich  (fuel-lean)  reaction  kernel  promoted  chain  re¬ 
actions  at  lower  temperatures  and  generated  the 


heat-release  and  species  production  (or  consump¬ 
tion)  rate  peaks. 

Figure  8  shows  the  variations  in  the  temperature, 
heat-release  rate,  and  axial  (I/)  and  radial  (V)  velocity 
components  along  the  maximum  heat-release  rate 
envelope  for  cases  J1  through  J5.  The  abscissa  is  the 
axial  distance  from  the  heat-release  rate  peak.  For 
all  cases,  the  temperature  reached  —1600  K  at  the 
reaction  kernel  and  asymptotically  approached 
—2000  K  in  the  trailing  difhision  flame  zone.  For 
case  J5,  the  temperature  gradients  toward  the  re¬ 
action  kernel  and  the  peak  heat-release  rate  were 
highest.  It  was  noticed  that  the  axial  velocity,  or  total 
velocity  (Ivl,  not  shown),  at  the  reaction  kernel  was 
larger  for  a  case  with  a  higher  heat-release  rate  peak. 
Because  the  axial  (or  totd)  velocity  along  the  flame 
zone  kept  increasing  downstream,  the  trailing  dif¬ 
fusion  flame  might  drift  away  downstream  if  not  sup¬ 
ported.  Since  the  reactivity  (peak  heat-release  or 
species  production  rates)  at  the  reaction  kernel  is 
significantly  lai^er  than  that  in  the  trailing  diffusion 
flame,  the  reaction  kernel  apparently  stabilized  the 
flame.  Therefore,  the  reaction  kernel  provided  a  sta¬ 
tionary  ignition  source  to  the  incoming  reactants  and 
sustains  stable  combustion  in  the  flow  field.  As  the 
reaction  kernel  secures  the  stable  combustion,  tlie 
trailing  diffusion  flame  zone  can  be  successively  sup¬ 
ported,  thus  keeping  the  flame  from  lifting. 
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Fig.  6.  Variations  of  the  calculated  (a)  temperature,  mole  fractions;  (b)  heat-release  rate,  production  rate  of  species  i; 
and  (c)  reaction  rate  of  stepj  across  a  methane  jet  diffusion  flame  zone.  Case  J5.  x  =  6  mm. 


Reaction  Kernel  Correlations 

The  properties  of  the  reaction  kernel  may  be  gen¬ 
eralized  by  comparing  different  classes  of  flames,  in¬ 
cluding  jet  diffusion  flames  presented  here  and  flat- 
plate  burner  flames  [27].  Because  the  flame  base  was 
kept  stationary  (or  stabilized)  in  the  flow  field,  re¬ 
action  kernel  properties  were  correlated  with  the  to¬ 
tal  velocity  (or  axial  component  [not  shown])  of  the 
incoming  flow.  Fig.  9  shows  heuristic  correlations  of 
the  peak  heat-release  rate,  or  oxygen  consumption 
rate,  with  the  local  total  velocity,  the  temperature, 
and  equivalence  ratio  at  the  heat-release  rate  or  ox¬ 
ygen  consumption  rate  peak.  All  data  points  of  the 
heat-release  or  oxygen  consumption  rate  for  both 
jet-  and  flat-plate  diffusion  flames  fell  on  single 
curves.  These  reaction  kernel  correlations  demon¬ 
strate  that  the  baseline  mechanism  responsible  for 
flame  attachment  is  identical  for  both  flame  systems 
and  that  the  flame  can  be  stabilized  in  a  higher  ve¬ 
locity  flow  if  the  reaction  rates  at  the  reaction  kernel 


are  higher.  This  situation  is  more  evident  as  the 
flame  base  shifts  downstream,  becomes  more  aer¬ 
ated,  and  the  aforementioned  enhancements  in  re¬ 
action  rates  take  place. 

On  the  other  hand,  in  case  P5,  the  airflow  along 
the  flat  plate  separated  and  a  recirculation  zone  was 
formed,  thus  forming  the  flame  base  in  a  veiy  low 
velocity  location  upstream  (~1  mm)  of  the  fuel  in¬ 
jection.  At  low  flow  velocities,  diffusion  processes 
dominate  over  convection,  and,  thus,  the  reaction 
rates  are  substantially  small.  The  extreme  case  of 
pure  diffusion  flame  without  convection  (except  Ste¬ 
fan  flow)  is  the  small  candle  flame  under  micrograv¬ 
ity  [32],  in  which  the  highest  reactivity  is  formed  at 
the  flame  tip  rather  than  the  base.  Therefore,  there 
are  two  distinct  regimes  of  diffusion  flame  attach¬ 
ment:  pure  diffusion  and  reaction  kernel.  In  the  pure 
diffusion  regime,  the  diffusion  flame  burning  at  a 
stoichiometric  fuel-oxygen  flux  balance  might  simply 
quench  at  the  base.  In  the  reaction  kernel  regime. 
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Fig.  7.  Variations  of  the  calculated  (a)  temperature,  mole  fractions;  (b)  heat-release  rate  (J/cm^s),  production  rate  of 
species  i;  and  (c)  reaction  rate  of  step  j  across  the  reaction  kernel  of  a  methane  jet  diffusion  flame.  Case  J5.  x  ~  2.98 
mm. 


the  reactivity  at  the  reaction  kernel  increases  as  a 
result  of  air  blowing,  which  enhances  the  rates  of 
mixed  convective-diffusive,  heat  and  reactant  trans¬ 
port  processes.  Therefore,  the  peak  reactivity  is  ob¬ 
tained  under  fuel-lean  conditions  (0.5  <  <^  <  1)  at 
relatively  low  temperatures  (1500-1600  K). 

Conclusions 

The  detailed  flame  structure  of  the  stabilizing  re¬ 
gion  of  attached  diffusion  flames  has  been  success- 
hilly  simulated.  A  highest  reactivity  {q  —  cooa* 
niHoo)  spot,  that  is,  the  reaction  kernel,  is  formed  in 
a  relatively  low-temperature  (<1600  K),  fuel-lean 
zone  in  the  flame  base.  The  geometric  peculiarity  of 
diffusion  flame  edges  allows  back-diffusion  and  in¬ 
terdiffusion  of  radical  species  against  the  incoming 
oxidizing  stream.  As  a  result,  chain  reactions,  includ¬ 
ing  the  branching  step  H  +  O2  OH  +  O,  are 


enhanced  significantly  even  at  the  lower  tempera¬ 
tures,  and  the  step  CH3  +  O  — >  CH2O  +  H  pre¬ 
dominantly  contributed  to  the  heat-release  rate 
peak.  Heuristic  correlations  for  q  versus  Ivl  or  - 
ft>o,  versus  Ivi  valid  for  both  jet-  and  flat-plate  dif¬ 
fusion  flames  were  obtained  at  the  reaction  kernel. 
In  the  reaction-kernel  (mixed  convective-diffusive) 
regime,  the  stationary  reaction  kernel  provides  a 
continuous  ignition  source  and  sustained  stable  com¬ 
bustion  fast  enough  to  consume  the  incoming  reac¬ 
tants,  thereby  successively  holding  the  trailing  dif¬ 
fusion  flame  in  the  flow. 
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Detailed  calculations  for  methane  jet  difihision  flames  under  laminar  and  transitional  conditions  are  made 
ffdyig  an  axiqnDunetric,  time-dependent  computational  fluid  dynamics  aide  and  different  diemlcal-kinetics  models. 
Comparisons  are  made  with  experimental  data  for  a  steady-state  flame  and  for  two  dynamic  flames  that  are 
dominated  by  buoyancy-driven  instabilities.  The  ability  of  tiie  three  chemistry  models — namely,  1)  the  modified 
i  Peters  mechanism  without  Ci  chemistry,  2)  the  modified  Peters  mechanism  with  C2  chemistry,  and  3)  the  Gas 
Research  Institute’s  Version  1.2  medianism^ — in  predicting  the  structure  of  coaxial  Jet  diffusion  flames  under 
different  operating  conditions  is  investigated.  It  is  found  that  the  modified  Peters  mechanisms  with  and  without 
C2  chemistry  are  sufSdent  for  the  simulation  of  jet  diffusion  flames  for  a  wide  range  of  fiiel-jet  velocities.  Detailed 
images  of  the  vortical  structures  assodated  with  the  low-  and  transitional-speed  methane  jet  flames  are  obtained 
using  the  reactive-bffe-scattering  technique.  These  images  suggest  that  a  counter-rotating  vortex  is  established 
upstream  of  the  buoyancy-induced  toroidal  vortex  in  the  low-speed-flame  case  and  that  the  shear-layer  vortices 
that  devdop  In  tiie  transitional-speed  flame  are  dissipated  as  they  are  convected  downstream.  The  time-dependent 
calculations  made  using  the  modified  Peters  chemistry  model  have  captured  these  unique  features  of  the  buoyancy- 
influenced  jd  flames.  Flnalfy,  the  unsteady  flame  structures  obtained  at  a  given  height  are  compared  with  the 
steady-state  flame  structures. 


Nomenclature 

A  =  coefficient  used  in  finite  difference  equation 

Ak  -  pre-exponential  in  Arrhenius  rate  expression 

Cp  .  =  specific  heat  of  mixture 
Dim  =  diffusion  coefficient  ith  species  in  the  mixture 

E  .  =  activation  energy 

g  =  gravitational  acceleration 

H  =enthalpy 

h  =  total  enthalpy 

=  heat  of  formation  at  standard  state 
Le  •  =  Lewis  number 

Af  =  molecular  weight 

Ng  =  total  number  of  species 

p  =  pressure 

Rq  =  universal  gas  constant 

r  ~  radial  distance 

r/  =  radius  of  flame  surface 

S^  =  source  tenia  in  O  equation 

T  =  temperature 

t  =  time 

u .  '  =  axial-velocity  component 

V  =  radial-velocity  component 

Xi  =  mole  fraction  of  zth  species 

Yi  =  mass  fraction  of  /th  species 

z  -  axial  distance 

a  •  =  constant  appearing  in  modified  Arrhenius  rate 

expression 

=  transport  coefficient  in  <I>  equation 
X  -  thermal  conductivity 

fi  =  viscosity 
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p  -  density 

pQ  =  density  of  air 

4)  =  flow  variable 

Q)  s  net  rate  of  production  of  a  species 


Subscripts 

i  =ith  species 

P  =  reference  grid  point 

r'*’  =  grid  points  adjacent  to  F  in  z  and  r  directions, 

resp^vely 

2++^  gjjjj  points  away  from  P  in  z  and  r 

directions,  respectively 

z”,  =  grid  points  adjacent  to  P  in  negative  z  and  r 

directions,  respectively 

z”,  r""  =  two  grid  points  away  from  P  in  negative  z  and  r 

directions,  respectively 


Superscripts 

N,N  -\-l  =  time-step  numbers 

Introduction 

INVESTIGATIONS  of  unsteady  flames  are  important  for  under¬ 
standing  combustion  phenomena  in  practical  systems  and  for 
developing  theories  of  turbulent-combustion  processes.  For  this 
reason  dynamic  jet  flames  have  been  actively  studied  since  the 
classic  work  of  Hottel  and  Hawthorne*  was  published  in  1949. 
Most  of  the  data  obtained  in  the  past  were  on  statistical  quanti¬ 
ties  such  as  time-averaged  and  rms  values  of  velocity,  tempera¬ 
ture,  and  species  concentration,  and  point  and  planar  measurement 
techniques  were  used.  These  data  have  formed  the  basis  for  under¬ 
standing  many  of  the  processes  occurring  in  dynamic  jet  diffusion 
flames.  However,  such  understanding  has  limited  applications  for 
engineering  problems  because  of  the  time-averaged  description  of 
the  underlying  unsteady  combustion  processes.  In  many  cases,  the 
mean  and  fluctuating  quantities  can  mask  the  physics  and  chemistry 
that  are  germane  to  an  understanding  of  the  fundamental  processes 
that  give  rise  to  the  statistical  results.  This  is  particularly  true  for 
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laminar  and  near-transitional  jet  flames  in  which  the  large-scale, 
low-frequency  (0-40  Hz),  organized  buoyancy-induced  vortices  on 
the  air  side  of  the  flame  and  medium-frequency  (100-1000  Hz), 
Kelvin-Helmhoitz-type  vortex  structures  on  the  fuel  side  of  the 
flame  dominate  the  flame  characteristics.  For  example,  high-speed 
visualizations  of  a  buoyant  jet  diffusion  flame  have  revealed  that 
the  flame  surface  is  actually  wrinkled  as  a  result  of  the  interaction 
of  vortices,  whereas  time-averaged  visualizations  indicate  a  smooth 
surface.  To  gain  insight  into  these  low-  and  medium-frequency  dy¬ 
namic  processes,  it  is  helpful — ^and,  perhaps,  essential— to  think  in 
terms  of  the  time-dependent  characteristics  of  jet  flames. 

Several  past  numerical  investigations  on  dynamic  jet  flames  em¬ 
ployed  conserved-scalar  and  primitive-variable  approaches.  These 
studies  revealed  important  aspects  of  combustion  such  as  the  effect 
of  heat-release  rate,^'^  the  role  of  buoyancy,^"^  the  enhancement  of 
soot  formation,^  and  Lewis  number  effects.® However,  in  most  of 
these  studies  a  simple,  one-step  global-chemistiy  model  was  used 
for  representing  the  combustion  processes.  On  the  other  hand,  stud¬ 
ies  incorporating  finite  rate  chemistry  are  limited  to  hydrogen  fuel 
because  the  kinetic  models  for  this  fuel  are  relatively  simple.  Be¬ 
cause  of  the  complex  nature  of  hydrocarbon  reaction  mechanisms, 
detailed  flame  calculations  for  hydrocarbon  fuels  are  restricted  to 
steady-state  problems.*®’”  However,  for  understanding  processes 
such  as  flame  stabilization,*^  local  extinction,*^  and  ignition*^  in  dy¬ 
namic  hydrocarbon  flames,  these  flames  must  be  simulated  with  sirf- 
ficiendy  accurate  models  for  physical  and  chemical  processes.  Over 
the  past  five  years,  the  authors  have  been  developing  time-accurate 
computational  fluid  dynamics  with  chemistry  (CFDQ  codes  by  in¬ 
corporating  different  detailed  chemical-kinetics  models  for  the  in¬ 
vestigation  of  unsteady  jet  diffusion  flames.*^”*’  Studies  employing 
these  codes  have  indicated  that  consideration  of  finite  rate  chemistry 
is  essential  for  the  simulation  of  localized  hot  spots  in  temperature 
and  species  concentration  on  the  wrinkled  flame  surfaces.*® 

The  present  paper  describes  a  numerical  study  conducted  using 
the  CFDC  code  on  a  coaxial  methane  jet  diffusion  flame  formed 
under  different  flow  conditions.  The  accuracy  of  three  detailed 
chemical-kinetics  models  [Peters  mechanisms  with  and  without  Ca 
chemistry  and  the  Gas  Research  Institute’s  (GRI)  Version  1.2  mech¬ 
anism]  in  simulating  a  steady  methane  dif^ion  flame  is  assessed. 
The  dynamic  flames  predicted  by  the  CFDC  code  are  compared 
with  experimental  flame  images  obtained  using  the  reactive-Mie- 
scattering  technique.  Hnally,  the  structure  of  the  dynamic  flame  is 
compared  with  that  of  the  steady-state  flame  to  quantify  the  impact 
of  vortex-flame  interactions  on  jet  flames. 


Modeling 

A  time-dependent,  axisymmetric  mathematical  model  that  solves 
for  axial-  and  radial-momentum  equations,  continuity,  and  enthalpy- 
and  species-conservation  equations  is  used  to  simulate  the  dynamic 
jet  diffusion  flames.  The  governing  equations,  written  in  the  cylin¬ 
drical  coordinate  system,  are  as  follows: 


3p  Bpu 
dt  dz  r  Br 


(1) 
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Table  1  Transport  coefficients  and  source  terms  appearing 
in  governing  equations _ 
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The  set  of  expressions  given  by  Eqs.  (1)  and  (2)  can  be  completed 
using  the  global-species-conservation  equation 

yw,  =  i.o-£ri  (4) 

» 

and  the  state  equation 

Whereas  the  density  is  obtained  by  solving  the  state  equation  (4),  the 
pressure  field  at  every  time  step  is  determined  from  pressure  Pois¬ 
son  equations.  Even  though  the  governing  e^ations  are  solved  in 
an  uncoupled  manner,  the  species-conservation  equations  are  cou¬ 
pled  through  the  source  terms  during  the  solution  process  to  im¬ 
prove  the  stability  of  the  algorithm.  Such  coupling  is  essential  in  fi¬ 
nite  rate  chemistry  calculations  because  the  high-reaction-rate  terms 
make  the  species-conservation  equations  quite  stiff.  Temperature- 
and  spedes-dependent  thermodynamic  and  transport  properties  ke 
used  in  this  formulation. 

The  governing  equations  for  «  and  v  momentum  are  integrated 
using  an  implicit  quadratic  upstream  interpolation  for  convective 
kinematics  with  estimated  streaming  terms  numerical  scheme,*’’*^ 
which  is  third  order  accurate  in  both  space  and  time  and  has  a  very 
low  numerical  diffusion  error.  On  the  other  hand,  the  finite  dif¬ 
ference  form  of  the  species  and  enthalpy  is  obtained  using  the  hy¬ 
brid  scheme^  with  upwind  and  central  differencing.  An  orthogond, 
staggered-grid  system  with  rapidly  expanding  cell  sizes  in  both  the 
z  and  the  r  directions  is  utilized  for  discretizing  the  governing  equa¬ 
tions.  After  rearrangement  of  terms,  the  finite  difference  form  of 
the  governing  equation  for  the  variable  at  a  grid  point  P  can  be 
written  as  an  algebraic  equation  as  follows: 


The  general  form  of  Eq.  (2)  represents  the  momentum,  the  species, 
or  the  energy-conservation  equation,  depending  on  the  variable  used 
in  place  of  d>.  The  transport  coeffici^ts  and  the  source  terms 
that  appear  in  the  governing  equations  are  given  in  Table  1.  The 
body-force  term  due  to  the  gravitational  field  is  included  in  the  axial- 
momentum  equation,  where  d),-  is  the  mass-production  rate  of  the 
ith  species,  and  po  is  the  density  of  air.  The  transport  property 
is  calculated  from  the  binary  diffusion  coefficients  between  die  i  th 
species  and  the  other  individual  species.  Finally,  Lei  is  the  Lewis 
number  of  the  ith  species,  which  is  defined  as 

Le.^-4—  (3) 

pF>imCp 


+  ‘  +  ‘ 

+  A^4>^_+‘+Ar-*f-t‘ =S?  +  At-pp<  (6) 

The  time  increment  t  is  determined  from  the  stability  constraint  and 
maintained  as  a  constant  during  the  entire  calculation.  The  super¬ 
scripts  N  and  iV  H- 1  represent  the  known  variables  at  the  Nth  time 
step  and  the  unknown  variables  at  the  {N  +  l)th  time  step,  respec¬ 
tively.  The  coefficients  A  and  the  terms  on  the  right-hand  side  of  the 
preceding  equations  are  calculated  from  the  known  flow  variables  at 
the  Nth  time  step.  The  preceding  equations  for  Ns +2  variables  are 
solved  individually  using  an  iterative  alternative  direction  implicit 
technique.  The  pressure  field  at  every  time  step  is  accurately  cal¬ 
culated  by  simultaneously  solving  the  system  of  algebraic  pressure 
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Poisson  equations  at  all  grid  points  using  the  lower-upper  decom¬ 
position  technique. 

Three  detailed  chemical-kinetics  models  proposed  in  the  litera¬ 
ture  for  methane  air  combustion  were  used  in  this  study.  The  first 
was  proposed  by  Peters^'  and  consists  of  17  species  (CH4, 02,  CH3, 
CHi,  CH,  CH2O,  CHO,  CO2,  CO,  H2,  H,  O,  OH,  H2O,  HO2,  HjOj. 
and  N2)  that  are  involved  in  52  elementary  reactions.  This  mech¬ 
anism  is  derived  from  the  one  originally  published^*  for  the  hy¬ 
drocarbon  fuels  up  to  propane  in  terms  of  carbon  content  and  by 
neglecting  the  species  that  have  more  than  one  carbon  element.  The 
second  chemistry  model  is  an  extension  of  the  first  and  was  obtained 
by  including  the  C2  chemistry,^*  which  adds  seven  species  (C2H, 
C2H2,  C2H3,  C2H4,  C2H5,  C2H6,  and  CHCO)  and  29  reactions.  Fi¬ 
nally,  the  third  chemical-kinetics  model,  GRI  Version  1.2,  used  in 
the  present  study  was  compiled  by  the  Gas  Research  Institute.  This 
is  the  most  comprehensive  mechanism,  having  31  species  and  346 
elementary  reaction  steps,  and  is  recommended  by  several  investi¬ 
gators  for  computing  the  structures  of  methane  flames.^  In  addition 
to  the  24  species  in  the  second  model  (Peters  mechanism  with  C2 
chemistry),  the  GRI  mechanism  uses  the  following  7  species:  C, 
CH2(S).  CH2OH,  CH3O,  CH3OH,  CH2CO,  and  HCCOH. 

The  enthalpies  of  all  of  the  species  are  calculated  from  the  poly¬ 
nomial  curvefits  developed  for  the  temperature  range  300->5000  K. 
Physical  properties  such  as  viscosity,  thermal  conductivity,  and  the 
binary  molecular  diffusion  coefficients  of  the  species  are  calculated 
using  molecular  dynamics.  Mixture  viscosity  and  thermal  conduc¬ 
tivity  are  then  estimated  using  the  Wilke  and  the  Kee  expressions,^ 
respectively.  Molecular  diffusion  is  assumed  to  be  of  the  binary 
type,  and  the  diffusion  velocity  of  a  species  is  calculated  according 
to  Pick’s  law  and  using  the  effective-diffusion  coefficient^"^  of  that 
species.  The  Leonard  Jones  potentials,  the  effective  temperatures, 
and  the  coefficients  for  the  enthalpy  polynomials  for  each  species 
are  obtained  from  the  CHEMKIN  libraries. 

The  flowfield  considered  in  the  present  study  has  vortical  struc¬ 
tures  of  two  scales.  Small-scale  vortices  develop  on  the  fuel  side  of 
the  flame  surface  along  the  shear  layer  of  the  fuel  jet,  and  larger-scale 
vortices  form  on  the  air  side  of  the  flame  surface.  Unsteady  axisym- 
metric  calculations  are  made  on  a  physical  domain  of 200  x  1 50  mm 
utilizing  a  201  x  71  nonuniform  grid  system.  Generally,  the  compu¬ 
tational  domain  is  bounded  by  the  axis  of  symmetry  and  an  outflow 
boundary  in  the  radial  direction  and  by  the  inflow  and  another  out¬ 
flow  boundary  in  the  axial  direction.  The  outer  boundaries  in  the  z 
and  r  directions  are  located  sufficiently  far  from  the  nozzle  exit  (~30 
nozzle  diameters)  and  the  symmetry  axis  (^20  nozzle  diameters),  re¬ 
spectively,  that  propagation  of  boundary-induced  disturbances  into 
the  region  of  interest  is  minimized.  However,  for  the  cases  in  which 
the  flames  were  enclosed  in  a  chimney,  the  outer  boundary  in  the 
radial  direction  is  located  at  a  distance  equal  to  the  chimney  radius, 
and  no-slip  wall  conditions  were  imposed  along  this  boundary. 

Jet  diffusion  flames  usually  anchor  to  the  outer  edge  of  the  burner 
lip,  and  the  structure  of  the  flame  near  the  base  depends  on  the 
boundary  layer  developed  on  the  fuel  tube  and  the  heat  transfer 
between  the  burner  lip  and  the  flame.  However,  at  downstream  lo¬ 
cations  (typically  >1  burner  diameter)  the  structure  of  the  flame  be¬ 
comes  insensitive  to  the  flame-base  conditions.  Because  the  present 
study  was  focused  on  the  region  away  from  the  flame  base,  flow  in 
the  neighborhood  of  the  burner  lip  was  not  simulated.  Flat  veloc¬ 
ity  profiles  were  imposed  at  the  fuel  and  air  inflow  boundaries  to 
represent  the  flows  exiting  a  contoured  nozzle  and  a  large  annular 
duct,  respectively.  An  extrapolation  procedure  with  weighted  zero- 
and  first-order  terms  was  used  to  estimate  the  flow  variables  at  the 
outflow  boundary.^ 

The  simulations  presented  here  were  performed  on  a  Pentium  Pro 
200-MHz-based  personal  computer  with  128  MB  of  memory.  Typ¬ 
ical  execution  times  using  the  modified  Peters  mechanisms  without 
and  with  C2  chemistry  and  the  GRI  Version  1.2  mechanism  are 
^^20,  ^^40,  and  100  s/time  step,  respectively.  Stably  oscillating 
flames  are  usually  obtained  in  about  3000  time  steps  (which  cor¬ 
responds  to  approximately  four  flicker  cycles),  starting  from  the 
solution  obtained  with  a  global-chemistry  model. It  is  interest¬ 
ing  to  note  that,  for  a  transitional  jet  diffusion  flame  having  vortices 
inside  and  outside  the  flame  surface,  a  detailed  time-dependent  sim¬ 
ulation  using  31  species  and  346  elementary  reactions  (GRI  Version 
1.2  mechanism)  can  be  made  on  a  personal  computer  in  <80  h. 


Results  and  Discussion 

Because  of  the  complex  nature  of  chemical  kinetics  for  methane 
combustion,  several  mechanisms  with  varying  degrees  of  simpli¬ 
fication  have  been  proposed  in  the  literature.^^"^**  It  is  important 
to  note  that  most  of  these  mechanisms  have  been  validated  using 
well-stirred-reactor  data  (zero-dimensional  problem)  and  counter¬ 
flow  flames  (one-dimensional  problem).  However,  because  the  mul¬ 
tidimensional  flames  that  are  encountered  in  practical  geometries  are 
subjected  to  varying  levels  of  strain  rate,  unsteadiness,  and  curva¬ 
ture,  for  example,  a  question  arises  as  to  the  accuracy  of  the  pre¬ 
dictions  of  these  chemistry  models  when  used  for  multidimensional 
flame  problems.  Initially  calculations  were  made  for  jet  diffusion 
flames  for  several  jet  velocities  using  different  chemical-kinetics 
models  available  in  the  literature.  Indeed,  our  initial  attempts  to 
simulate  jet  diffusion  flames  with  simpler  chemistry  models  (such 
as  in  Ref.  26)  resulted  in  unacceptable  flame  standoff  distances  (sep¬ 
aration  between  the  flame  base  and  the  nozzle  exit)  for  different  fuel 
jet  velocities.  The  most  recent  skeletal  mechanism  proposed  by  Pe¬ 
ters  for  methane  combustion  (24  species  and  81  reactions)  yielded 
well-attached  flames  for  lower  fuel  jet  velocities  but  failed  to  pre¬ 
dict  the  flames  that  are  formed  at  higher  velocities.  A  trial-and-error 
investigation  of  this  mechanism  revealed  that  the  methyl-radical 
recombination  reaction  (CH3  4*  H  =  CH4)  is  very  sensitive  to  the 
extinction  and  standoff  distance  characteristics  of  diffusion  flames. 
When  the  reaction  rate  proposed  by  Peters  for  this  reaction  is  re¬ 
placed  by  that  proposed  by  Wamatz,^  excellent  agreement  between 
experiment  and  calculation  is  obtained  over  a  wide  range  of  fuel  and 
annular-air  velocities.  The  mechanism  obtained  after  replacing  the 
rate  data  for  the  methyl-radical-recombination  reaction  is  referred 
to  as  the  modified  Peters  mechanism  in  this  paper  and  is  listed  in 
Table  2.  The  reaction  that  differs  from  the  original  Peters  mecha¬ 
nism  is  R45  in  this  table.  Further  details  about  the  development  of 
the  modified  Peters  mechanism  can  be  found  in  Ref.  30. 


Steady-State  Flame 

The  mathematical  model  and  the  numerical  procedure  used  in  the 
present  investigation  were  tested  for  their  accuracy  in  simulating  a 
confined  jet  diffusion  flame.  The  flame  chosen  for  this  purpose  was 
previously  studied  experimentally  by  Mitchell  et  al.^*  and  numer¬ 
ically  by  Smooke.‘“  The  burner  assembly  consists  of  a  12.7-mm- 
diam  central  fuel  tube  and  a  large  50.8-mm-diam  coannular-air  duct. 
The  burner  is  enclosed  in  a  300-mm-long  Pyrex®  tube;  therefore, 
the  no-slip  boundary  condition  is  employed  at  the  end  of  the  com¬ 
putational  domain  in  the  radial  direction.  Pure  methane  is  used  as 
the  fuel.  The  flow  rates  for  the  fuel  and  air  are  such  that  the  ve¬ 
locities  at  the  exits  of  the  central  fuel  tube  and  the  annular-air  duct 
are  0.045  and  0.0988  m/s,  respectively.  The  experimental  data  on 
this  methane  jet  diffusion  flame  obtained  by  Mitchell  el  al.^‘  sug¬ 
gest  that  the  flame  is  in  steady  stale;  hence,  Smooke*"  performed 
steady-slate  axisymmetric  calculations  for  this  flame.  Gravitational 
force,  which  is  quite  significant  in  this  low-speed  flame,  is  con¬ 
sidered  in  Smooke’s  steady-state  calculations.  Our  previous  studies 
on  vertically  mounted  jet  diffusion  flames  under  similar  velocity 
conditions  indicated  that  buoyancy-driven  vortical  structures  could 
develop  and  make  the  flame  unsteady.  However,  the  flame  investi¬ 
gated  by  Mitchell  et  al.^'  was  confined,  and  the  ambient  airflow  into 
the  flame  was  restricted,  which  could  have  suppressed  the  growth 
of  the  buoyancy-induced  instabilities.  For  comparison  purpose,  un¬ 
steady  calculations  were  performed  for  this  flame  using  the  code 
described  previously  and  with  the  three  different  chemistry  models. 
Interestingly,  the  computed  flame  established  weak  vortical  struc¬ 
tures  outside  the  flame  surface.  As  these  vortices  are  convected 
downstream,  their  interaction  with  the  flame  makes  it  flicker.  How¬ 
ever,  the  oscillations  (or  unsteadiness)  up  to  a  height  of  60  mm 
above  the  burner  are  quite  weak.  Calculations  performed  without 
the  Pyrex  enclosure,  i.e.,  replacing  the  wall  boundary  with  the  free 
outflow  boundary,  yielded  much  stronger  fluctuations,  which  also 
suggests  that  confinement  reduces  the  flame  flicker. 

Calculations  were  initially  made  using  different  mesh  systems 
to  obtain  grid-independent  results.  The  modified  Peters  mechanism 
without  C2  chemistry  was  used  in  these  calculations,  and  the  re¬ 
sults  obtained  with  141x61  and  251  x  91  mesh  systems  are  shown 
in  Fig.  1.  In  each  mesh  system,  grid  points  are  clustered  in  the 
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Table  2  Modified  Peters  mechanism  for  methane  jet  diffusion  flames 


Reaction 

Aft,  mole, 
cm^,s 

a 

£. 

cal/mole 

H2/O2  chmn  reactions 

(R01)H+02=>^OH  +  0 

2.00E+14 

0.0 

16,800 

(R02)OH+O  =$‘H  +  02 

1.57F+13 

0.0 

840 

(R03)0  +  H2=>OH  +  H 

5.06F+04 

2.67 

6,280 

(R04)OH+H  =>0  +  H2 

2.22£+04 

2.67 

4,370 

(R05)H2  +  OH  =>H20+H 

1.00£+08 

1.60 

3,300 

(R06)H20+H  =>H2  +  0H 

4.31£+08 

1.60 

18,270 

(R07)OH+OH  =}.0  +  H20 

1.50£+09 

1.14 

100 

(R08)H20+0  =»0H+0H 

1.47£+10 

1.14 

17,000 

H2O  formation  and  consumption 

(R09)02+H+M  =^H02  +  M 

2.30£+18 

-0.8 

0 

(R10)H02“1-M  =^02+H+M 

3.19£+18 

-0.8 

46,680 

(R11)H02+H  =>oh+oh 

1.50£+14 

0.0 

1,000 

(R12)H02+H  =>H2+02 

2.50£+13 

0.0 

692 

(R13)H02  +  0H  ^H20  +  02 

6.00£+13 

0.0 

0 

(R14)H02+H  =»-H20+0 

.3.00£+13 

0.0 

1,720 

(R15)H02  +  0  =»0HH-02 

1.80£+13 

0.0 

-406 

H2O2  formation  and  consumption 

{R16)H02+H02  =»H2Q2+02 

2.50£+ll  * 

0.0 

-1,240 

(R17)OH+OH+M  =»H202  +  M 

3.25£+22 

-2,0 

0 

(R18)H202+M  =>oh+oh  +  m 

1.69£-l-24 

-2.0 

48,330 

(R19)H202+H  =»H20  +  0H 

L00£+13 

0.0 

3,580 

{R20)H202  +  OH  s4^H20  +  H02 

5.40£+12 

0.0 

1.000 

(R21)  H2O +HO2  =>  H2O2  +  OH 

1.80£+13 

0.0 

32.190 

Recombination  reactions 
(R22)H+H  +  M  =^H2+M 

1.80£+13 

-1.0 

0 

(R23)H  +  OH+M  =>H20+M 

2.20£+22 

-2.0 

0 

(R24)0  +  0+M  =^02+M 

2.90£+17 

-1.0 

0 

CO/CO2  mechanism 

(R25)CO+OH  =».  CO2  +  H 

4.40£+06 

1.5 

-740 

(R26)C02+H  =»C0  +  0H 

4.96£+08 

1.5 

21,440 

CH  consumption  reactions 

(R27)CH  +  02  ^CHO  +  0 

3.00£+13 

0.0 

0 

(R28)C02  +  CH  =»CH0  +  C0 

3.40£-|-12 

0.0 

692 

CHO  consumption  reactions 

(R29)CHO  +  H  =»C0  +  H2 

2.00£+14 

0.0 

0 

(R30)CHO  +  OH  =>CO  +  H20 

1.00£+14 

0.0 

0 

(R31)CH0  +  02  =$^C0+H02 

3.00£+12 

0.0 

0 

(R32)CHO  +  M  =>CO  +  H+M 

7.10£+14 

0.0 

16,800 

(R33)H  +  C0+M  =^CH0+M 

1.14£+15 

0.0 

2,380 

CH2  consumption  reactions 

(R34)CH2+H  =»CH+H2 

8.40£+09 

1.5 

335 

(R35)CH+H2  =>>CH2  +  H 

5.83£+09 

1.5 

3,125 

(R36)CH2-fO  =»CO  +  H+H 

8.00£4*13 

0.0 

0 

(R37)CH2  +  02  =>C0+0H+H 

6,50£+12 

0.0 

1,500 

(R38)CH2  +  02  =»C02  +  H  +  H 

6J0£4-12 

0.0 

1400 

CH2O  consumption  reactions 

(R39)CH20+H  =»CH0+H2 

2.50£+13 

0.0 

3,990 

(R40)CH20  +  0  =>cho+oh 

3.50£+13 

0.0 

3,490 

(R41)  CH2O  +  OH  =>  CHO  +  H2O 

3.00£-fl3 

0,0 

1,200 

(R42)CH20  +  M  =»CH0  +  H+M 

1.40£+17 

0.0 

76400 

CH3  consumption  reactions 
(R43)CH3  +  H  =»CH2  +  H2 

1,80£+14 

0.0 

15,050 

(R44)CH2  +  H2  =^CH3  +  H 

3.68£+13 

0.0 

10480 

(R45)CH3  +  H  =>CH4  Koo 

6.00£+16 

-1:0 

0 

Ko 

8.00£+26 

-3.0 

0  . 

(R46)CH3+0  =:^CH20  +  H 

7.00£+13 

0.0 

0 

{R47)CH3  +  CH3  =>C2H6  Koo 

3,61£+13 

0.0 

0 

Ko 

1.27£+41 

-7.0 

2,762 

(R48)CH3  +  02  =>CH20+0H 

3.40£+ll 

0.0 

8,940 

<R49)CH3  +  H2  =^CH4  +  H 

8.39£-K>2 

3.0 

8,260 

(R50)CH3+H20  =^CH4  +  0H 

2.63£+05 

2.10 

16,950 

CH4  consumption  reactions 

(R51)CH4  +  H  =>CH3+H2 

2.20£+04 

3.0 

8,740 

(R52)CH4  +  0  =»CH3+0H 

1.20£+07 

2.1 

7,620 

(R53)CH4  +  0H  =^CH3  +  H20 

1.60£+06 

2.1 

2,460 

C2H  consumption  reactions 

(R54)C2H+H2  =>C2H2  +  H 

1.10£+13 

0.0 

2,867 

(R55)C2H2  +  H  =^C2H  +  H2 

5.27£+13 

0.0 

28,656 

(R56)C2H  +  02  =»CHC0+0 

5.00£+13 

0.0 

1405 

CHCO  consumption  reactions 
(R57)CHC0  +  H  =»CH2  +  C0 

3.00£+13 

0.0 

0 

(R58)CH2  +  C0  =>CHC0+H 

2.36£+12 

0.0 

-7.021 

(R59)CHC0  +  0  =»CO  +  CO+H 

1.00£+14 

0.0 

0 

C2H2  consumption  reactions 

(R60)C2H2  +  0  =»CH2  +  C0. 

4.10£+08 

1.5 

1,696 

Table  2  (Continued.) 


Reaction 

Aft,  mole, 
cm^s 

a 

£. 

cal/mole 

(R61)CiH2  +  0  =4^CHC0+H 

4.30£+14 

0.0 

12,112 

(R62)C2H2  +  0H  =>C2H  +  H20 

1.00£+13 

0.0 

7,000 

(R63)C2H+H20  =>C2H2+0H 

9.00£+12 

0.0 

-3,818 

C2H3  consumption  reactions 

(R64)  C2HJ  +  H  =»  C2H2  +  H2 

3.00£+13 

0.0 

0 

(R65)C2H3  +  02  =>C2H2+H02 

5.40£+ll 

0,0 

0 

(R66)C2H3  =>C2H2  +  H  Koo 

2.00£+14 

0.0 

39,717 

Ko 

1.19£+42 

-7.5 

45,486 

(R67)C2H2  +  H  =»C2H3  Koo 

1.05£+14 

0.0 

810 

C2H4  consumption  reactions 

(R68)C2H4  +  H  =^C2H3+H2 

1.50£+14 

0.0 

10.201 

(R69)C2H3  +  H2  =>C2H4+H 

9.61£+12 

0.0 

7,800 

(R70)C2H4  +  0  S4-CH3+CO+H 

1.60£H-09 

1.2 

741 

(R71)  C2H4  +  OH  =>•  C2H3  +H2O 

3.00£+13 

0.0 

3.010 

(R72)C2H3  +  H20  =>C2H4+0H 

8.29£+12 

0.0 

15^76 

(R73)C2H4+M  =»-C2H2+H2  +  M 

2.50£+17 

0.0 

76,400 

C2HS  consumption  reactions 

(R74)  C2H5  +  H  =»  CH3  +  CH3 

3.00£+13 

0.0 

0.0 

(R75)CH3  +  CH3  .4’C2H5  +  H 

3.57£+12 

0.0 

11,870 

{R76)C2H5  +  02  =>-C2H4  +  H02 

2,00£+12 

0.0 

4.993 

(R77)C2H5  =»C2H4  +  H  Koo 

2.00£+13 

0.0 

39,657 

Ko 

1.00£+17 

0.0 

31,057 

(R78)C2H4  +  H  =»C2H5  Koo 

CiHi  consumption  reactions 

3.19£+13 

0.0 

3,013 

(R79)C2H«  +  H  =>'C2H5+H2 

5.40£+02 

3.5 

5.208 

(R80)  C2H6  +  0  =»  C2H5  +  OH 

3.00£+07 

2.0 

5.112 

(R81)  C2H6 + OH  =4-  C2H5 + H2O 

6.30E+06 

2.0 

645 

Fig,  1  Flame  structures  obtained  with  two  different  grids;  calculations 
made  using  modified  Peters  mechanism  without  Cj  chemistry:  a)  axial 
distributions  of  peak  temperature  and  its  location  and  local  axial  Teloc¬ 
ity;  and  b)  radial  distributions  of  temperature,  axial  velocity,  wd  fliel 
7 5g  and  oxygen  mole  fractions  at z  =  12  mm. 
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Fig.  2  Comparison  of  radial-velocity  distributioiis  obtained  with  a)  3  Temperature  distzibutioiis  obt^ed  with  a)  modified  Peters 

modified  Peteis  mechanism  without  Q  chemistry,  b)  modified  Petere  medianism  without  Ci  chemistry,  b)  modified  Peters  mechanism  with 

mechanism  with  diemistry,  and  c)  GRI  Version  1.2  mechanism.  ^2  chemistry,  and  c)  GRI  Version  1.2  mechanism. 


neighborhood  of  the  fiame  zone  located  between  0  and  50  mm  in 
the  axial  direction.  Such  clustering  yielded  grid  spadngs  of  0.56  and 
0.28  mm  in  the  axial  and  radial  directions*  respectively,  in  the  neighr 
borfiood  of  the  flame  zone  with  the  171  x  61  mesh.  The  correspond¬ 
ing  grid  spadngs  obtained  with  the  251  X  91  mesh  system  were  0.28 
and  0.14  mm  in  the  axial  and  radial  directions,  respectively. 

The  variation  of  peak  temperature  location  r/  with  axial  distance 
in  Fig.  la  suggests  that  the  flame  near  the  base  is  bulging  outwardly 
to  accommodate  a  weak  redrculation  zone  in  the  fuel  jet  In  low- 
speed  diffusion  flames,  acceleration  of  hot  combustion  products 
due  to  gravitational  force  leads  to  the  formation  of  a  redrculation 
zone  in  the  fuel  jet^  as  seen  in  the  axial-velocity  distribution  in 
Hg.  la.  A  comparison  of  results  in  Fig.  1  obtained  with  141  x  61 
and  251x91  mesh  systems  suggests  that  the  former  mesh  is  yielding 
near-grid-independent  results.  A  maximum  difference  of  24  K  may 
be  noted  between  the  peak  temperatures  obtained  with  these  two 
mesh  systems.  Based  on  these  comparisons,  further  calculations  for 
this  flame  were  made  using  different  chemistry  mechanisms  on  a 
141  X  71  mesh  system. 

The  results  in  the  form  of  isocontours  of  radial  velocity,  tem¬ 
perature,  and  mole  fractions  of  GH3  and  OH  radicals  are  shown 
in  Figs.  2-5,  respectively.  The  flowfields  computed  with  the  three 
chemistry  models— namely,  the  modified  Peters  mechanism  with¬ 
out  C2  chemistry  (Rg.  2a),  the  modified  Peters  mechanism  with  C2 
chemistry  (Fig.  2b),  and  the  GRI  Version  1 .2  mechanism  (Fig.  2c) — 
are  ^te  similar.  Weak  osdllations  resulting  from  the  buoyancy- 
induced  instability  are  evident  from  the  slightly  squeezed  isoradial 
contours  in  the  region  between  z  =  30  and  50  nun. 

All  three  chemistry  models  predicted  the  same  temperature  distri¬ 
butions  (Fig.  3)  on  the  air  side  of  the  flame  (r  >  6.5  mm).  However, 
on  the  fuel  side,  the  GRI  mechanism  predicted  lower  temperatures 
than  the  two  modified  Peters  mechanisms.  In  fact,  the  peak  temper¬ 
ature  of  2040  K  predicted  by  GRI  chemical  kinetics  is  50  K  lower 
than  that  obtained  with  the  Peters  mechanism  without  C2  chemistry 
and  ^^20  K  lower  than  that  obtained  with  Q  chemistry.  These  results 
suggest  that  the  formation  of  higher  hydrocarbons  affects  the  fiame 
structure  on  the  fuel  side  of  a  jet  diffrision  flame.  This  is  also  evi¬ 
dent  in  the  methyl-radical-concentration  plots  of  Rg.  5.  Here,  CH3 
is  confined  to  the  fuel  side,  and  inclusion  of  C2  chemistry  reduces 
its  concentration  (compare  Rgs.  5a  and  5b).  The  peak  concentration 


a)  r(mm)  b)  r(mm)  c)  r(mm) 


Fig.  4  OH-radica]  mole-firaction  distributions  obtained  with  a)  modi¬ 
fied  Peters  mechanism  without  C2  chemistry,  b)  modified  Peters  mech¬ 
anism  with  C2  chemistry,  and  c)  GRI  Version  1.2  mechanism. 

forCHs  radicals  predicted  by  the  Peters  mechanism  with  C2  chem¬ 
istry  (~0,006)  is  very  near  that  predicted  with  the  GRI  Version  1.2 
mechanism.  Interestingly,  the  three  kinetics  models  yielded  similar 
distributions  for  OH-radical  concentration  (Fig.  4).  As  expected,  the 
location  of  the  peak  OH  concentration  is  found  to  be  shifted  from 
the  peak  temperature  location  and  is  on  the  air  side. 

The  model  predictions  are  compared  with  the  measured  values  of 
y  g  ^  Mitchell  et  al.^‘  in  Rgs.  6-9.  In  each  figure  the  data  collected  at  three 
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Fig.  5  Computed  methyl-radical  (CH3)  distributions  with  a)  modified 
Peters  mechanism  without  C2  chemistry,  b)  modified  Peters  mechanism 
with  C2  chemistry,  and  c)  GRI  Version  1.2  mechanism. 


heights,  z  =  12, 24,  and  50  mm,  are  compared.  Figure  6  compares 
temperature  and  axial  velocity,  and  Figs.  7-9  show  comparisons  for 
species  concentrations. 

The  experiments  of  Mitchell  et  al.^‘  indicate  that  a  noticeable 
amount  of  oxygen  is  present  in  the  potential  core  of  the  flame  at 
z  =  12  mm  (Fig.  7a).  Calculations  made  with  the  Peters  mechanism 
with  C2  chemistry  and  the  GRI  mechanism  have  reasonably  pre¬ 
dicted  this  feature  of  the  diffusion  flame.  The  decrease  in  measured 
oxygen  concentration  with  radial  distance  in  the  potential  core  sug¬ 
gests  that  the  observed  oxygen  on  the  fuel  side  of  the  flame  was 
transported  from  upstream  locations.  However,  for  this  to  occur,  the 
flame  at  the  base  (or  burner  exit)  would  not  be  completely  attached 
to  the  burner  such  that  oxygen  would  enter  the  potential  core  through 
the  dark  space  between  the  flame  base  and  the  burner.  The  computed 
temperature  distribution  (obtained  with  the  modified  Peters  without 
C2  chemistry)  plotted  in  Bg.  3a  indicates  that  this  flame  is  nearer 
to  the  nozzle  than  the  other  two  flames  (Bgs.  3b  and  3c),  which,  in 
turn,  leads  to  lower  oxygen  concentration  in  the  potential  core  in 
Bg.  7a.  Because  the  standoff  distance  between  the  nozzle  exit  and 
the  flame  base  depends  on  the  heat  transfer  to  the  burner  and  on  the 
nozzle  geometry,  which  were  not  modeled  in  the  present  study,  one 
should  not  conclude — based  on  the  oxygen  data  in  the  fuel  jet — that 
one  mechanism  is  more  accurate  than  the  other. 

Considering  the  limitations  of  the  present  CFDC  model  and  the 
imcertainty  in  the  experimental  data,  it  may  be  concluded  that  all 
three  chemical  mechanisms  are  yiel(fing  reasonably  accurate  flame 
structures.  However,  because  of  the  higher  number  of  species  and 
reaction  steps,  calculations  with  the  GRI  mechanism  (31  species 
and  346  reaction)  required  a  CPU  time  greater  by  a  factor  of  5  than 
that  required  for  the  calculations  made  with  the  Peters  mechanism 
(17  species  and  52  reactions)  and  greater  by  a  factor  of  3  than  that 
required  for  the  Peters  mechanism  with  C2  chemistry  (24  species 
and  81  reactions). 

Dynimic  Flames 

The  experimental  setup  used  for  the  study  of  these  flames  consists 
of  vertic^y  mounted  coannular  jets  and  is  described  in  Ref.  33. 
The  central  fuel  jet  is  a  25.4-mm-diam  tube  that  contracts  to  a 
10-mm-diam  nozzle.  The  nozzle  is  designed  to  provide  a  flat  mean 
velocity  profile  with  low-velocity  fluctuations  at  the  nozzle  exit  The 


24,  and  c)  50  mm. 


annular-air  jet  has  a  efiameter  of 245  mm.  Ah  air  velocity  of  15  cm/s 
is  used  to  reduce  the  room  air  disturbances  in  the  first  15  diameters 


of  the  jet  exit  without  significantly  affecting  the  visible  flame  struc¬ 
ture.  TWo  flames  were  investigated  experimentaDy  and  numerically. 
The  first  had  a  fuel-jet  velocity  of  0.5  m/s,  and  the  second  had  a 
velocity  of  4.1  m/s.  Because  of  the  buoyancy  forces  and  the  shear 
layer  instability,  these  flames  became  dynamically  oscillating  ones. 

Calculations  for  these  flames  were  made  using  the  three  chem¬ 
istry  mechanisms  described  earlier.  It  was  found  that  the  global 
flame  stmetures  (i.e.,  the  flame  shapes,  heights,  and  fluctuation  fre¬ 
quencies)  predicted  by  the  three  chemistry  mechanisms  were  iden¬ 
tical  and  that  the  chemical  structures  differed  only  on  the  fuel  side 
of  the  flame  zone  where  C2  chemistry  has  some  effect  For  the 
sake  of  brevity,  results  obtained  with  the  Peters  mechanism  with  C2 
chemistry  will  be  used  in  subsequent  discussions  of  these  dynamic 
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An  instantaneous  image  of  the  low-speed  flame  (fuel-jet  veloc¬ 
ity  of  0.5  m/s)  obtained  with  the  reactive-Mie-scattering  (RMS) 
techniqu^^  is  shown  in  Fig.  10a.  Wth  this  method  micron-sized 
’IIO2  particles,  formed  from  the  spontaneous  reaction  between  the 
seeded-TiCU  vapor  and  the  water  vapor  produced  during  combus¬ 
tion,  are  visualized  by  the  Mie-scattered  light  from  a  laser  sheet 
TiCU  is  seeded  into  both  the  fuel  and  the  annular-air  flows.  The 
bright  region  sandwiched  between  the  inner  and  outer  jets  in  Fig. 
10a  is  the  luminous  flame  surface  captured  simultaneously  with  the 
Mie-scattered  light 

Because  of  the  gravity  term  in  the  axial-momentum  equation  and 
the  low-speed  annular-air  flow  (~0.15  m/s),  solution  of  the  gov¬ 
erning,  equations  resulted  in  a  dynamic  flame,  with  large  toroidal 
vortices  forming  naturally  outside  the  flame  surface.  The  computed 
instantaneous  temperature  field  is  shown  in  Fig.  10b.  The  flame  (or 
peak  temperature)  surface  that  is  identified  from  the  temperature 


50  nun. 

field  is  also  shown  (white  solid  circles).  Note  that  no  artificial  per¬ 
turbation  is  required  for  the  formation  of  the  outer  vortices.  In  the 
presence  of  gravitational  force,  acceleration  of  hot  gases  along  the 
flame  surface  generated  the  outer  structures  as  part  of  the  solution. 
As  these  vortices  are  convected  downstream,  they  cause  the  flame 
to  squeeze  at  certain  locations  (z  =  80  and  160  mm)  and  bulge  at 
others  (z  =  50  and  120  mm).  The  frequency  corresponding  to  the 
passage  of  these  outer  vordces  (also  known  as  the  flame-flickering 
frequency)  is  ^12  Hz.  The  instantaneous  locations  of  the  particles 
that  are  released  along  with  the  fuel  are  also  shown  (bright  region  in 
the  center).  The  predicted  flame  structure  compares  extremely  well 
with  that  obtained  in  experiments  using  the  RMS  technique.  The 
counter-rotating  toroidal  vortex  (at  z  =  140  mm  in  Fig.  10)  that  is 
formed  as  a  result  of  the  strong  rotation  of  the  upstream  buoyancy- 
induced  vortex^  is  accurately  captured  by  the  model. 
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Fig.  10  Instantaneous  images  of  experimental  and  computed  low- 
speed  dynamic  flames.  Fuel  and  air  jet  velocities  are  0.5  and  0.15  m/s,  re¬ 
spectively:  a)  RMS  image  showing  naturally  formed  vortical  structures 
and  soot  surfoce  (bright  region  between  the  inner  and  outer  jets);  and 
b)  locations  of  particles  (bright  central  region)  superimposed  on  com¬ 
puted  temperature  field.  White  solid  circles  represent  high-temperature 
surface. 


0.10  Ho  o  o 


Fig.  9  CO2  and  CO  concentrations  predicted  using  different  chemistry 
models  compared  with  those  measured  at  heights  of  a)  12,  b)  24,  and  c) 


The  instantaneous  flame  stniemre  obtained  for  the  higher  (ortran- 
sitional)  fuel-jet-velocity  case  is  compared  with  the  RMS  imag^  of 
the  experimental  flame  in  Rg.  11.  As  expected,  buoyancy-driven 
vortical  structures  have  formed  outside  the  flame  surface  in  this  case 
also,  and  the  convective  frequency  for  these  structures  is  found  to 
be  ^13  Hz.  Interestingly,  the  experimental  flame  has  vortical  struc¬ 
tures  inside  as  well  as  outside  the  flame  zone.  Initial  calculations 
of  this  flame  yielded  only  outer  structures.  The  inner  shear  layer  - 
was  very  laminar  in  nature,  having  no  structures.  The  inner  vortices 
observed  in  the  experiments  (Fig.  11a)  are  thought  to  result  from 
the  small  perturbations  that  are  inherent  in  the  high-speed  jet  flow 
and  the  Kelvin-Helmholz  instability  of  the  shear  layer.  Although 
the  outer  vortices  in  the  calculations  caused  the  jet  shear  layer  to 
oscillate,  even  at  the  fuel  nozzle  exit,  this  low-frequency  disturbance 
was  not  amplified  in  the  jet  shear  layer  and,  thus,  did  not  stimulate 
the  growth  of  the  small-scale  structures. 


Fig.  11  Instantaneous  images  of  experimental  and  computed  transi¬ 
tional-speed  dynamic  flame.  Fuel  and  air-jet  velocities  are  4.1  Md  0.15 
m/s,  respectively:  a)  RMS  image  showing  outer  and  inner  vortices  and 
soot  surface  (bright  region  between  the  inner  and  outer  jets);  and  b)  lo¬ 
cations  of  particles  (bright  central  region)  superimposed  on  computed 
temperature  field.  White  solid  circles  represent  high-temperature  sur- 
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To  initiate  and  to  sustain  the  Kelvin-Helmholtz  instabilities  in  the 
calculations,  constant  external  forcing  in  the  form  of  background 
random  noise  (3%  of  jet  velocity)  was  used  at  the  exit  of  the  fuel  jet 
Theresulting  flame  is  shown  in  Fig.  1  lb.  Tlie  inner  vordcal  structures 
are  found  to  grow  slowly  and  maintain  their  identities  over  a  long 
distancer  At  locations  farther  downstream,  these  vortices  dissipate 
with  the  entrainment  of  viscous  combustion  products  from  the  flame 
surfece.  ;  "  ‘ 

In  both  the  low-  and  transitional-speed  flames  (Figs.  10  and  11, 
respectively),  it  should  be  noted  that  the  convective  motion  of  the 
outer  vortices  interacts  with  the  flame  surface,  making  it  wrinkle. 
These  interactions  perturb  not  only  the  shape  but  also  the  chemical 
structure  of  the  flame.  To  illustrate  the  effects  of  vortex-flame  inter¬ 
actions  on  flame  structure,  scatter  plots  of  temperature  and  species 
concentration  are  shown  in  Figs.  12a  and  12b  for  the  steady-state 
flame,  in  Figs.  13a  and  13b  for  the  low-speed  dynamic  flame,  and 
in  Figs.  14a  and  14b  for  the  transitional-speed  flame.  The  scatter 
plots  for  the  dynamic  flames  (Hgs.  13  and  14)  were  constructed 
by  collecting  3000  instantaneous  radial  distributions  that  represent 
approximately  four  flickering  cycles  at  a  height  of  80  nun  above  the 
burner.  On  the  other  hand,  scatter  plots  for  the  steady-state  flame 
(Fig.  12)  were  constructed  from  the  data  obtained  along  the  radial 
lines  at  several  flame  heights  in  the  region  between  z = 2  and  50  mm. 
Flame  structures  very  near  the ‘burner  (z  <  2  nun)  were  discarded 
to  avoid  ambiguity  that  might  result  from  inaccuracies  in  modeling 
the  burner  lip.  Finally,  the  radial  distributions  were  converted  into 
mixture  fraction  |  coordinates.  Here,  mixture  fraction  (|)  is  defined 


Fig.  12  Structure  of  steady-state  flame  constructed  from  radial  distri- 
bations  obtained  at  several  heights:  a)  temperature  and  fiiel  and  oxi¬ 
dizer  concentrations  with  respect  to  mixture  fraction;  and  b)  variation 
of  C02>  CHa,  and  OH  concentration  with  respect  to  mixture  fraction. 
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Fig.  13  Structure  of  low-speed  buoyancy-influenced  flame  constructed 
at  z  =  80  mm  frt>m  radial  distributions  obtained  at  several  instants:  a) 
temperature  and  fuel  and  oxidizer  concentrations  with  respect  to  mix¬ 
ture  fraction;  and  b)  variation  of  C02>  CH3,  and  OH  concentration  with 
respect  to  mixture  firaction. 

as  the  fraction  of  the  mass  at  any  location  that  originated  from  the 
fuel  jet  and  is  calculated  from  the  following  expressions^: 

$  =  16.0[Xch4  +  +  ^CHi  +  -^ch  +  ^ch20  +  ^cho 

+  Xc02  +  -^CO  +  0*5(>rc2H  +  XC2H2  +  XC2H3  + 

+  ^C2H5  H-  ^C2H6  +  ^CHCO  +  +  XcH2(S)  +  -^CHiOH 

+  ^CHaO  +  -^fcHsOH  +  -ycH2CO  +  ^hccoh)] 
where 

In  general,  for  a  steady-state  flame,  the  temperature,  fuel  concen¬ 
tration,  and  oxygen  concentration  yield  self-similar  solutions  in  the 
mixture  fraction  domain.  However,  this  is  not  the  case  with  respect 
to  the  intermediate  species  that  are  generated  in  the  flame  zone  (cf. 
Fig.  12b).  It  is  thought  that  the  finite  rate  chemistry  in  combina¬ 
tion  with  the  varying  convective  velocities  at  different  flame  heights 
causes  the  species  distributions  to  depend  not  only  on  mixture  frac¬ 
tion  but  also  on  flame  height.  These  deviations  occur  mainly  for 
CH3  on  the  fuel  side  (f  >  0.055)  and  for  OH  radicals  on  the  air  side 
(i  <  0.055)  because  these  species  are,  in  general,  produced  on  the 
respective  sides  of  the  flame. 

Vortex-flame  interactions  in  the  two  dynamic  flames  resulted  in 
scattered  data  for  every  variable  shown  in  Figs.  13  and  14.  Flame 
temperature  increases  at  certain  phases  of  the  interaction  (when  the 
flame  is  compressed)  and  decreases  at  others  (when  the  flame  is 
stretched).  These  results  are  similar  to  those  obtained  for  hydrogen 
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Fig,  14  Structure  of  a  transitional-speed  buoyancy-induenced  flame 
constructed  at  80  nun  ftom  radial  distributions  obtained  at  several 
instants:  a)  temperature  and  fuel  and  oxidizer  concentrations  with  re¬ 
spect  to  mixture  fraction;  and  b)  variation  of  CO2,  CH3,  and  OH  con¬ 
centration  with  respect  to  mixture  fraction. 

jet  diffusion  flames*  ***  in  which  nonunity  Lewis  numbers  were 
found  to  be  responsible  for  such  behavior.  Because  the  Lewis  num¬ 
ber  of  methane  is  less  than  unity  (similar  to  that  of  hydrogen), 
one  might  expect  hydrogen  and  methane  flames  to  behave  simi¬ 
larly  during  vortex-flame  interactions.  Because  the  inner  vortices 
in  transitional-speed  flames  are  not  quite  near  the  flame  surface,  their 
impact  on  the  flame  structure  is  evident  neither  in  temperature  nor 
in  major  species  concentration.  However,  because  CH3  is  produced 
mostly  on  the  fuel  side,  these  inner  vortices  cause  more  scatter  in 
its  concentration  (Fig.  14b). 

Conclusions 

Accurate  dynamic  simulations  employing  detailed  chemical- 
kinetics  models  for  hydrocarbon  fuels  are  needed  for  understanding 
flame  structure  and  various  processes  involved  in  laminar  and  tran¬ 
sitional  jet  flames.  An  axisymmetric,  time-dependent  CFDC  code 
w^  developed  for  the  simulation  of  methane  jet  diffusion  flames. 
Calculations  were  performed  for  a  steady-state  flame  and  for  two  dy¬ 
namic  flames  that  have  been  investigated  experimentally  in  the  past 
Three  chemistry  models— namely,  1)  the  modified  Peters  mecha¬ 
nism  without  C2  chemistry,  2)  the  modified  Peters  mechanism  with 
C2  chemistry,  and  3)  the  GRl  Version  1 .2  mechanism — ^were  used 
in  the  simulations.  It  was  found  that  the  modified  Peters  mecha¬ 
nisms  with  and  without  C2  chemistry  are  sufficient  for  the  sirnulation 
of  these  jet  diffusion  flames.  The  predicted  flame  shapes  and  flow 
structures  of  the  periodically  oscillating  flames  that  are  dynamic 
as  a  result  of  buoyancy-induced  instabilities  showed  good  correla¬ 
tion  with  the  RMS  images  of  the  flames  obtained  in  experiments. 


Based  on  the  scatter  plots  constructed  from  the  data  collected  at  sev¬ 
eral  heights  in  the  steady-state  flame,  it  was  found  that  temperature 
as  well  as  fuel  and  oxygen  concentrations  collapse  onto  a  single 
curve  in  the  mixture  fraction  coordinates,  whereas  the  intermediate 
species  concentrations  do  not.  It  was  also  found  that  the  temperature 
in  buoyancy-dominated  unsteady  methane  flames  increases  at  cer¬ 
tain  phases  of  the  vortex-flame  interaction — behavior  that  is  similar 
to  that  observed  in  a  hydrogen  flame. 
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ABSTRACT 

The  detailed  structure  of  the  stabilizing  region  of  an 
axisymmetric  laminar  methane  jet  diffusion  flame  has  been 
studied  numerically.  Computations  using  a  time-dependent, 
implicit,  third-order  accurate  numerical  scheme  with  buoyancy 
effects  were  performed  using  two  different  C2-chemistry  models 
and  compared  with  the  previous  results  using  a  C|-chemistry 
model.  The  results  were  nearly  identical  for  all  kinetic  models 
except  that  the  Cpchemistry  model  over-predicted  the  methyl- 
radical  and  formaldehyde  concenttations  on  the  fuel  side  of  the 
flame  and  that  the  standoff  distance  of  the  flame  base  from  the 
burner  rim  varied.  The  standoff  distance  was  sensitive  to  the 
CH3  +  H  +  (M)  CH4  +  (M)  reaction.  The  highest  reactivity 
spot  (reaction  kernel)  was  formed  in  the  relatively  low- 
temperature  (<1600  K)  flame  base,  where  the  CHj  +  0  -¥ 
CH2O  +  H  reaction  predominantly  contributed  to  the  heat 
release,  providing  a  stationary  ignition  source  to  incoming 
reactants  and  thereby  stabilizing  the  trailing  diffusion  flame. 

INTRODUCTION 

The  interaction  between  a  flame  and  surfaces  plays  an 
important  role  in  flame  holding  in  combustors  and  flame  spread 
through  condensed  fuels  (Williams,  1985).  Flame-flow 
phenomena,  including  transport  and  chemical  reactions  around 
the  flame  base  near  the  surfaces,  control  flame  stabilization  and 
spreading  mechanisms.  Experimental  efforts  have  been  made 
(Robson  and  Wilson,  1969;  Kawamura  et  al.,  1980;  Takahashi 
et  al.,  1985, 1988, 1996)  to  measure  the  structure  of  a  small  (~a 
few  mm^)  stabilizing  region  of  jet  diffusion  flames.  Theoretical 


works  (Buckmaster  and  Weber,  1996;  Wichman  and 
Varatharajan,  1997)  have  been  directed  toward  modeling  of  the 
flame  behavior  in  the  vicinity  of  a  fuel-oxidizer  divider. 
Unfortunately,  previous  results  generally  suffer  from  the  lack  of 
detailed  structure  information,  particularly  on  the  radical- 
species  concentration  fields  and  their  chemical  reactions. 

The  authors  have  recently  (Takahashi  et  al.,  1998) 
proposed  a  unified  view  of  the  stabilizing  mechanism  of 
methane  diffusion  flames,  formed  in  a  jet  or  over  a  flat-plate 
burner,  based  on  numerical  analyses.  A  semi-detailed  Cp 
chemistry  model  (Peters.  1993)  for  17  species  and  52  reactions 
was  used.  The  highest  reactivity  spot  (reaction  kernel)  was 
formed  in  the  flame  base  as  a  result  of  radical  back-diffusion 
and  reactions.  Heuristic  correlations  were  found  between  the 
heat  release,  or  oxygen  consumption  rate,  and  the  local  velocity 
at  the  reaction  kernel  over  a  wide  range  of  flow  conditions  for 
the  two  types  of  flames.  Thus,  the  reaction  kernel  was 
responsible  for  stabilizing  the  flame. 

Since  the  C|-chemistry  model  was  used  to  obtain  the 
reaction  kernel  correlations,  it  is  important  to  validate  and 
differentiate  the  results  using  more  comprehensive  models, 
including  C2  chemistry  and  from  different  sources.  Because  the 
fate  of  methyl  radical  plays  a  key  role  in  the  methane 
combustion  (Wamatz,  1984),  the  inclusion  of  C2  species  may 
alter  the  flame  structure.  In  this  paper,  two  different  C2- 
chemistiy  models  (Peters,  1993;  Frenklach  et  al,  1995)  are  used 
to  reveal  the  effects  of  chemical  kinetics  on  the  simulation  of 
the  reaction  kernel  structure  and  to  further  understand  the 
stabilization  mechanisms  of  diffusion  flames. 
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NUMERICAL  METHODS 

The  numerical  code  developed  (Katia  et  al.,  1994)  is 
esseniially  the  same  as  in  previous  papers  (Takahashi  and  Katta, 
1995,  1996,  1997;  Takahashi  et  al.,  1998)  except  for  the 
chemical  kinetic  model  used.  Time-dependent  governing 
equations,  expressed  in  cylindrical  coordinates,  consist  of  mass 
continuity,  axial  and  radial  momentum  conservation,  energy 
conservation,  and  species  conservation  equations  with  the 
equation  of  state.  B^y-force  term  caused  by  the  gravitational 
field  is  included  in  the  axial  momentum  equation.  The  viscosity 
and  binary  diffusion  coefficients  are  estimated  from  Chapman- 
Enskog  collision  theory  (Hirschfelder,  1954),  and  the  enthalpy 
of  each  species  is  calculated  from  polynomial  curve-fits. 

In  the  current  calculations,  the  semi-detailed  chemistry 
model  (Table  1;  Peters,  1993)  for  24  species  and  81  elementary 
steps  is  used.  The  reactions  for  C2  species  (R47  and  R54 
through  R81)  are  added  to  the  Ci-chemistry  model  (Peters, 
1993)  used  previously  (Takahashi  and  Katta,  1996,  1997; 
Takahashi  et  al,  1998).  A  comprehensive  C2-chemistry  model 
(GRI-Mech  Version  1.2;  Frenklach  et  al.  1995)  for  31  species 
and  346  reactions,  excluding  nitrogen  chemistry,  was  also  used 
for  comparison.  For  all  kinetic  models,  the  Arrhenius 
parameters  for  the  reaction  CH3  +  H  CH4  (R45)  are  replaced 
with  those  by  Wamatz  (1984).  Otherwise  the  extinction  limit  of 
counterflow  diffusion  flames  were  predicted  at  a  significantly 
lower  strain  rate  (Katta  and  Roquemore,  1996)  compared  to  that 
determined  experimentally  by  Sung  et  al  (1995),  and  the  jet 
diffusion  flames  under  consideration  prematurely  lifted  off 
under  conditions  below  the  stability  limit  obtained 
experimentally  (Takahashi  and  Schmoll,  1991). 

The  finite-difference  form  of  the  governing  equations  is 
constructed  on  a  staggered  grid  system  based  on  an  implicit 
QUICKEST  numerical  scheme.  The  computational  domain  of 
150  X  60  mm  in  axial  (x)  x  radial  (r)  directions  is  represented 
by  a  mesh  system  of  271  x  101  with  clustered  grid  lines  near  the 
jet  exit  with  a  minimum  spacing  of  0.05  mm.  The  inner 
diameter  {d  =  9.5  mm)  and  lip  thickness  (0.25  mm)  of  the  fuel 
tube  are  close  to  those  used  in  the  previous  experiments 
(Takahashi  and  Schmoll,  1991).  The  fuel  tube  exit  plane  is 
placed  10  mm  from  the  inflow  boundary.  The  fully  developed 
pipe  flow  and  boundary  layer  velocity  profiles  outside  the 
burner  tube  are  used.  The  test  conditions  are  listed  in  Table  2. 
The  mean  jet  velocity  (Uj)  and  mean  coflowing  air  velocity  (C/a) 
are  the  same  as  case  J5  in  the  previous  work  (Takahashi  et  al, 
1998)  and  slightly  below  the  measured  lifting-limit  curve 
(Takahashi  and  Schmoll,  1991), 

The  initial  and  boundary  conditions  for  the  axial  (U) 
and  radial  (V)  velocities  and  species  and  energy  at  different 
flow  boundaries  are  the  same  as  the  previous  work  (Takahashi 
et  al,  1998).  The  outer  boundaries  of  the  computational 
domain  are  shifted  sufficiently  far  enough  to  minimize  the 
propagation  of  disturbances  into  the  region  of  interest.  No-slip 
boundary  conditions  are  enforced  along  the  burner  walls.  An 
extrapolation  procedure  with  weighted  zero-  and  first-order 


terms  is  used  to  estimate  the  flow  variables  on  the  outflow 
boundary. 

RESULTS  AND  DISCUSSION 
Near-Jet-Exit  Field 

Figure  la  shows  the  calculated  velocity  vectors  (v), 
isotherms  (7).  and  heat-release  rate  (q)  contours  in  the 
stabilizing  region  for  case  2  (see  Table  2).  The  heat-release  rate 
showed  a  sharp  peak  at  the  base  of  the  flame  at  relatively  low 
temperatures  (~16()0  K)  as  was  obtained  for  case  I  shown  in 
previous  paper  (Takahashi  et  al,  1998).  As  will  be  shown  later, 
the  oxygen  consumption  rate  (-©Oj)  water  vapor  production 

rate  (mH2o)  also  have  peaks  close  (typically  -*0.05  mm)  to  the 
heat-release  rate  peak.  The  authors  (Takahashi  et  al,  1998) 
named  this  highest  reactivity  spot  (including  the  peaks  of  q , 

-mo2»  and  mn^o)  a  reaction  kernel 

It  is  notable  that  the  standoff  distance  of  the  simulated 
flame  base  depends  on  the  chemistry  model:  case  1,  .r^  = 
2.98  mm;  case  2,  Xk  =  3.98  mm;  and  case  3,  x^  =  2.38  mm.  In 
fact,  if  the  original  kinetic  parameters  for  reaction  R45  were 
used,  the  flame  base  drifted  away  downstream,  thus  prematurely 
resulting  in  lifting.  Therefore,  with  some  variations  in  the 
standoff  distance,  these  computational  results  effectively 
predicted  the  flame  base  shifting  just  before  full-fledged  lifting 
to  the  height  of  a  few  jet  diameters.  Because  the  flame  base 
location  is  also  sensitive  to  the  boundary  conditions, 
particularly  the  boundary  layer  velocity  profile  of  the  air  flow 
outside  the  burner  wall,  the  predicted  values  are  in  reasonable 
agreement  with  the  observed  standoff  distance  of  x  «  3  mm 
(Takahashi  et  al,  1998).  There  was  a  low  velocity  region  near 
the  burner  rim  and  wake.  The  co-flow  air  accelerated  and 
stream  tubes  slightly  expanded  by  approaching  the  flame  zone, 
crossing  the  flame  zone,  or  penetrating  through  the  dark  space 
onto  the  fuel-side  of  the  flame  zone.  Despite  the  differences  in 
the  standoff  distance  for  the  three  different  cases  (1,  Takahashi 
et  al,  1998;  2,  Fig.  la;  3,  not  shown),  the  velocity  vectors  and 
temperature  fields  around  the  flame  base  are  extremely  similar. 

Figure  lb  shows  the  calculated  total  molar  flux  vectors  of 
methane  (MCH4 » hashed)  and  molecular  oxygen  (A/qj  ,  solid), 

including  both  diffusion  and  convection  terms,  contours  of  the 
equivalence  ratio  (^),  and  the  oxygen  consumption  rate  for  case 
2.  The  equivalence  ratio  was  determined  from  the  fuel  and 
oxygen  molar  fluxes,  thus  including  the  dynamic  effects  of  both 
convection  and  diffusion.  In  the  upper  portion  of  the  flame,  the 
molar  flux  vectors  of  methane  and  oxygen  turned  toward  the 
flame  zone  from  the  opposite  sides,  typical  of  diffusion  flames. 
Although  partial  premixing  occurred  in  the  dark  space,  the 
flame  under  investigation  did  not  have  the  triple-flame  structure 
(Chung  and  Lee,  1991;  Veynante  et  al,  1994;  Wichman  and 
Varatharajan.  1997);  i.e.,  the  stoichiometric  flame  base  with 
fuel-rich  and  fuel-lean  branches  on  the  fuel  and  air  sides. 
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Table  1  CH4  Mechanism* 


A 

n 

E 

H2/O2  Chain  Reactions 

(ROD  H  +  0,-»0H  +  0 

2.00E+14 

0.0 

16,800 

(R02)  OH  +  b^H+Oa 

1.57E+13 

0,0 

840 

(R03)  O  +  Ha-^OH  +  H 

5.06E+04 

2.67 

6,280 

(R04)  0H  +  H-»0+Ha 

2.22E+04 

2.67 

4,370 

(R05)  Ha  +  OH-^HaO  +  H 

l.OOE+08 

1.60 

3,300 

(R06)  HaO  +  H^Ha+OH 

4.3IE+08 

1.60 

18,270 

(R07)  OH  +  OH-^O  +  HaO 

1.50E+09 

1.14 

100 

(R08)  Ha0  +  O-»0H  +  0H 

1.47E+10 

1,14 

17,000 

H2O  Formation  and  Consumption 

(R09)  Oa  +  H  +  M-^HOa  +  M 

2.30E+18 

-0.8 

0 

(RIO)  HOa  +  M-»Oa  +  H  +  M 

3J9E+18 

-0.8 

46,680 

(Rll)  H02  +  H-»0H  +  0H 

1.50E+14 

0.0 

1,000 

(R12)  HOa  +  H^Ha  +  Oa 

150E+13 

0.0 

692 

(R13)  HOa+OH-^HaO  +  Oa 

6.00E+13 

0.0 

0 

(R14)  HOa  +  H-»HaO  +  0 

3.00E+13 

0.0 

1,720 

(R15)  HOa+O-^OH  +  Oa 

1.80E+13 

0,0 

-406 

H2O2  Formation  and  Consumption 

(R 1 6)  HOi  +  HO2  H2O2  +  O2 

2,50E+U 

0.0 

-1,240 

(R17)  OH  +  OH  +  M-^HaOa  +  M 

3.25E+22 

-2.0 

0 

{R18)  HaOa  +  M-^OH  +  OH  +  M 

l,69E+24 

-2.0 

48,330 

(R19)  HaOa  +  H-+HaO  +  OH 

l.OOE+13 

0.0 

3,580 

(R20)  HaOa  +  OH-^HaO  +  HOa 

5.40E+12 

0.0 

1,000 

(R21)  HaO  +  HOa-»HaOa  +  OH 

1.80E+13 

0.0 

32,190 

Recombination  Reactions 

(R22)  H  +  H  +  M-»Ha  +  M 

1.80E+13 

-l.O 

0 

(R23)  H  +  OH  +  M-»HaO  +  M 

2.20E+22 

-2.0 

0 

(R24)  O  +  O  +  M-^Oa  +  M 

2,90E+17 

-1.0 

0 

CO/CO2  Mechanism 

(R25)  (X)  +0H-»C02  +  H 

4.40E+06 

1.5 

-740 

(R26)  COa  +  H-^CO+OH 

4,96E+08 

1.5 

21,440 

CH  Consumption  Reactions 

{R27)  CH  +  0a-»CH0  +  0 

3.00E+13 

0.0 

0 

(R28)  COa  +  (2H^CHO  +  CO 

3.40E+12 

0.0 

692 

CHO  Consumption  Reactioi^ 

(R29)  CHO  +  H-^CO+Ha 

2.00E+14 

0,0 

0 

(R30)  CHO  +  OH-»CO  +  HaO 

l.OOE+14 

0.0 

0 

(R31)  CHO  +  Oa-»CO  +  HOa 

3.00E+12 

0.0 

0 

(R32)  CHO  +  M->CO +H  +  M 

7.10E+14 

0.0 

16,800 

(R33)  H  +  CO  +  M-»CHO  +  M 

1.14E+15 

0.0 

2,380 

CHi  Consumption  Reactions 

(R34)  CHa  +  H-^CH  +  Ha 

8.40E+09 

1.5 

335 

(R35)  CH  +  Ha-»CH2  +  H 

5.83E+09 

1.5 

3,125 

(R36)  CH2+0-4CX)  +  H  +  H 

8.00E+13 

0.0 

0 

(R37)  CHa  +  Oa-^CO  +  OH  +  H 

6.50E+12 

0.0 

1,500 

(R38)  CHa  +  Oa-^COa  +  H  +  H 

6.50E+12 

0.0 

1,500 

CH2O  Consumption  Reactions 

(R39)  CHaO  +  H-»CHO  +  Ha 

2.50E+13 

0.0 

3,990 

(R40)  CHa0  +  0-»CH0  +  0H 

3.50E+13 

0.0 

3,490 

(R41)  CH2O  +  0H->CH0  +  Ha0 

3.00E+13 

0.0 

1,200 

(R42)  CH20  +  M-^CH0  +  H+M 

1.40E+17 

0.0 

76,500 

(continues) 


Table  I  (continued) 


A 

n 

E 

CHi  Consumption  Reactions 

(R43)  CH,  +  H-»CH2  +  H2 

1.80E+14 

0.0 

15,050 

(R44)  CH2  +  H2  CHj  +  H 

3.68E+13 

0.0 

10.580 

(R45)  CH,  +  H-»CH4  K> 

6.00E+16 

-l.O 

0 

K,, 

8.00E+26 

-3.0 

0 

(R46)  CHi  +  O-^CHaO  +  H 

7.00E+13 

0.0 

0 

(R47)  CH,  +  CH,-^C2H6  IC 

3.61E+I3 

0.0 

0 

K„ 

1.27E+41 

-7.0 

2,762 

(R48)  CHa  +  Oa-^CHaO  +  OH 

3.40E+11 

0.0 

8,940 

(R49)  CH,  +  H2->CH4  +  H 

8.39E+02 

3.0 

8,260 

(R50)  CH,  +  HaO-^CH4  +  OH 

2.63E+05 

2.10 

16,950 

CH4  Consumption  Reactions 

(R51)  CH4  +  H-^CH,+  H2 

2.20E+04 

3.0 

8,740 

(R52)  CH4  +  0-^CHj  +  OH 

1.20E+07 

2.1 

7,620 

(R53)  CH4  +  OH->CH3  +  HaO 

1.60E+06 

2.1 

2,460 

C2H  Consumption  Reactions 

(R54)  CaH+Ha-^CaHa  +  H 

l.lOE+13 

0.0 

2,867 

(R55)  CaHa  +  H-^CaH  +  Ha 

5.27E+13 

0.0 

28,656 

(R56)  CaH+Oa-^CHCO  +  O 

5.00E+13 

0.0 

1,505 

CHCO  Consumption  Reactions 

(R57)  CHCO  +  H-+CH2  +  CO 

3.00E+13 

0.0 

0 

(R58)  CHa  +  CO-^CHCO  +  H 

2.36E+12 

0.0 

-7,021 

(R59)  CHCO  +  0-+CO  +  CO+H 

l.OOE+14 

0.0 

0 

C2H2  Consumption  Reactions 

(R6O)  CaH2  +  0->CHa  +  CO 

4.10E+08 

1.5 

1,696 

(R61)  CaHa  +  O-^CHCO  +  H 

4.30E+14 

0.0 

12,112 

(R62)  CaHa+OH-^CaH  +  HaO 

l.OOE+13 

0.0 

7,000 

(R63)  CjH  +  HjO-»CjHa  +  OH 

9.00E+12 

0.0 

-3,818 

C2H3  Consumption  Reactions 
(R64)  CaHa  +  H-^CaHa  +  Ha 

3.00E+13 

0.0 

0 

(R65)  CaHi+Oa-^CjHa  +  HOa 

5.40E+11 

0.0 

0 

(R66)  C2H3  — >  C2H2  +  H  K« 

2.00E+14 

0.0 

39,717 

Ko 

1.19E+42 

.7.5 

45,486 

(R67)  C2H2  +  H  -4  C2H3  Kk, 

1.05E+14 

0.0 

810 

CaH4  Consumption  Reactions 
(R68)  C2H4  +  H-^C2H3  +  H2 

1.50E+14 

0.0 

10,201 

(R69)  C2HT  +  H2  C2H4  +  H 

9.61E+12 

0.0 

7,800 

(R70)  C2H4  +  O-4CHJ  +  CO  +  H 

1.60E+09 

1.2 

741 

(R71)  C2H4  +  0H-»C2H3  +  H20 

3.00E+13 

0.0 

3,010 

(R72)  C2H3  +  H2O-4C2H4  +  OH 

8.29E+12 

0.0 

15,576 

(R73)  C2H4  +  M-»CaH2  +  H2+M 

2.50E+17 

0.0 

76,400 

C2H5  Consumption  Reactions 
(R74)  C2Hs  +  H->CH3  +  CH3 

3.00E+13 

0.0 

0.0 

(R75)  CH3  +  CH3-»CjH5  +  H 

3.57E+12 

0.0 

11,870 

(R76)  CaH5  +  02-^C2H4  +  H02 

2.00E+12 

0.0 

4,993 

(R77)  CaH5-4CaH4  +  H  K> 

2.00E+13 

0.0 

39,657 

Ko 

l.OOE+17 

0.0 

31,057 

(R78)  CaH4  +  H-^CaH5  K> 

3.19E+13 

0.0 

3,013 

C2Hfi  Consumption  Reactions 

(R79)  CaHfi  +  H-^CaHs  +  Ha 

5.40E+02 

3.5 

5,208 

(R80)  CaHs  +  O-^CaHj  +  OH 

3.00E+07 

2.0 

5,112 

(R81)  CaHe  +  OH-^CaHj  +  HaO 

6.30E+06 

2.0 

645 

"Reaction  rates  in  cm^  niol  s  cal  units,  k  =  AT'e.v^-E/RT). 
Source;  Peters  (1995),  Wamatz  (1984)  [(R45)]. 
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Fig.  I  Calculated  (a)  velocity  vectors,  isotherms  (unit,  K),  heat-release  rate  (J/cm^s),  (b)  molar  flux  vectors  of  methane  ^(dashed)  and 
molecular  oxygen  (solid),  equivalence  ratio  based  on  the  fuel  and  oxygen  fluxes,  and  oxygen  consumption  rate  (mol/cm  s),  (c)  molar 
flux  vectors  of  atomic  hydrogen,  mole  fraction  of  oxygen,  and  water  vapor  production  rate  (mol/cm  s)  in  the  stabilizing  region  of 

methane  jet  diffusion  flames.  Case  2. 


Table  2  Test  Conditions 


Case 

l/j  (ra/s) 

I/,  (m/s) 

Chemistry  Model 

1 

1.7 

0.72 

Peters/Wamatz 

Cl/17  species/52  reactions 

2 

1.7 

0.72 

Peters/Wamatz 

C2/24  species/81  reactions 

3 

1.7 

0.72 

GRI-Mech/W^atz 

C7/3I  species/346  reactions 

respectively.  Chung  and  Lee  (1991)  observed  axisymmetric, 
lifted,  laminar  diffusion  flames  with  die  triple-flame  structure 
with  a  long  (approximately  several  cm  to  10+  cm)  lift-off 
distance  for  n-butane  and  propane,  but  methane  flame  blew  off 
without  lifting. 

Figure  Ic  shows  the  calculated  total  molar  flux  vectors  of 
atomic  hydrogen  ( ii?H  )>  *e  mole  fraction  of  molecular  oxygen 
(Xoj),  and  the  rate  of  water  vapor  production  for  case  2.  In  the 
upper  portion,  the  molar  flux  vectors  of  atomic  hydrogen 
pointed  to  the  opposite  sides  of  the  flame  zone  as  a  result  of 
strong  diffusion.  By  contrast,  at  the  reaction  kernel,  hydrogen 
atoms  diffused  downward  in  every  directions.  This  trend, 
peculiar  to  the  geometric  edge  of  the  flame,  was  also  found  for 
other  radical  species  (OH,  O,  and  CHj,  etc.).  Hence,  the  flame 
base  was  more  exposed  to  air  (aerated)  under  relatively  high 


oxygen  mole  fraction.  The  oxygen  concentration  gradient  also 
became  steeper  around  the  reaction  kernel.  Therefore,  various 
radical  species  were  able  to  back-diffuse  and  interdiffiise  into 
the  lower-temperature,  oxygen-rich  zone  against  the  convective 
oxidizing  flow.  As  a  result,  the  reaction  zone  broadened, 
convective  and  diffusive  oxygen  fluxes  increased,  and  thus  the 
global  reaction  rates  increased. 

Trailing  Flame  Structure 

To  compare  the  detail^  flame  structure  using  different 
chemistry  models,  the  profiles  of  various  variables  are 
examined  at  two  different  heights:  the  trailing  flame  and 
reaction  kernel.  Figures  2  and  3  show  the  radial  variations  of 
the  temperature,  species  mole  fractions  (Xj),  heat  release  rate, 
and  species  production  rates  (©i),  across  the  trailing  flame  at  a 
height  of  3  mm  from  the  reaction  kernel  for  the  three  cases.  As 
will  be  shown  later  (Figs.  6  and  7),  the  variations  along  the 
flame  zone  are  similar  if  the  axial  distance  from  the  reaction 
kernel  is  used  and  asymptotically  approach  constant  values 
downstream.  Thus,  3  mm  from  the  reaction  kernel  is  arbitrarily 
chosen  to  represent  the  trailing  flame  structure. 

The  distributions  of  the  temperature  and  major  species  are 
typical  of  diffusion  flames,  except  for  the  increased  oxygen 
mole  fraction  on  the  fuel  side  and  residual  methane  on  the  air 
side  due  to  the  oxygen  penetration  and  methane  efflux  through 
the  dark  space  below  the  flame  base.  The  variations  of  the 
temperature,  mole  fractions,  and  production  rates  are  very 
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Fig.  2  Variations  of  the  calculated  temperature  and  mole  Fig.  3  Variations  of  the  calculated  species  formation  rate 

fractions  across  the  trailing  flame  zone  at  z  »  jt).  +  3  mm.  (a)  across  the  trailing  flame  zone  at  x  »  arj.  +  3  mm.  (a)  Case  1,  x  = 

Case  1,  X  =  6  mm;  (b)  Case  2,  x  =  7  nun;  and  (c)  case  3,  x  =  6  mm;  (b)  Case  2,  x  =  7  mm;  and  (c)  case  3,  x  =  5.38  mm. 

5.38  mm. 

similar  for  the  three  cases,  except  for  those  of  the  fuel 
fragments — methyl  radical  (CH3)  and  C2  species,  and  an 
oxidated  intermediate — formaldehyde  (CHjO),  on  the  fuel-side 
of  the  temperature  peak.  The  mole  fractions  and  production 
rates  of  the  fuel  fragments  (CH3  and  C2  species)  and 
intermediates  (H2,  CO,  and  CH2O)  peaked  on  the  fuel-side,  and 
those  of  the  chain  radical  species  (OH,  H,  and  0)  and  products 
(H2O  and  CO2)  peaked  on  the  air-side  of  the  temperature  or 
heat-release  rate  peak.  The  methane  consumption  rate  peak  was 
on  the  fuel-side  and  that  of  oxygen  was  on  the  air  side. 

The  fate  of  methyl  radic^  plays  a  key  role  in  the  methane 
combustion  (Warnatz,  1984).  The  methyl  radical  is  formed  by 
dehydrogenation  of  methane  by  radical  attack  (R51  through 
R53),  oxidized  by  atomic  and  molecular  oxygen  attack  to  form 
formaldehyde  (R46  and  R48),  further  decomposed  (R43),  or 
recombined  with  hydrogen  atom  or  another  methyl  radical  to 
form  methane  (R45)  or  ethane  (R47).  The  lack  of  the  C2  route 
in  case  1  led  to  overprediction  of  the  methyl  radical  and 
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formaldehyde  (Fig.  2a).  The  secondary  peak  of  the 
formaldehyde  mole  fraction  on  the  fuel  side  (r  =  5  mm)  is  due  to 
the  high-concentration  formaldehyde  formed  near  the  reaction 
kernel  (to  be  shown)  and  transported  by  convection  (see  the 
velocity  vectors  in  Fig.  la)  because  the  rate  of  formation 
vanished  in  this  region  at  this  height  (Fig.  3a).  For  cases  2  and 
3  (Figs.  2b  and  2c),  the  formation  of  ethane  (R47)  significantly 
reduced  the  methyl  radical  mole  fraction  on  the  fuel  side  (r  <6 
mm).  The  difference  between  the  Peters  (1993)  and  GRl 
(Frenklach,  1995)  mechanisms  in  the  reaction  rate  of  the 
methyl-methyl  recombination  step  made  an  appreciable 
difference  in  the  variation  of  the  ethane  mole  fraction, 
particularly  at  higher  temperatures. 

Reaction  Kernel  Structure 

Figures  4  and  5  show  the  radial  variations  of  calculated 
variables  across  the  reaction  kernel.  The  reaction  kernel 
simcture  shows  striking  differences  from  the  trailing  diffusion 
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Fig.  4  Variations  of  the  calculated  temperature  and  mole  Fig.  5  Variations  of  the  calculated  species  formation  rate 
fractions  across  the  reaction  kernel  (xjc).  (a)  Case  \yX  =  2.98  across  the  reaction  kernel  (xt).  (a)  Case  \^x  ~  2.98  mm;  (b) 

mm;  (b)  Case  2,  x  =  3.98  mm;  and  (c)  case  3,  x  =  2.38  mm.  Case  2,  x  =  3.98  mm;  and  (c)  case  3,  x  =  2.38  mm. 


flame  structure.  However,  despite  the  differences  in  the  dark  In  the  trailing  diffusion  flame  zone  (Fig.  2),  the  methyl 

space  standoff  distance,  the  variations  are  very  similar  among  radicals  and  oxygen  atoms  were  separated  on  the  fuel-side  and 
the  three  cases,  again  except  for  the  minor  species  on  the  fuel  air-side,  respectively,  and  thus,  the  reaction  rate  of  R46  and  its 

side.  In  all  cases,  there  were  secondary  peaks  in  the  oxygen  contribution  to  heat  release  were  small.  By  contrast,  in  the 

mole  fraction  (Xoz**  0.12)  on  the  fuel-side  of  the  relatively  low  reaction  kernel,^  the  back-diffusion  of  the  radical  species  (H, 

peak  temperature  (-1500  K)  and  a  small  hump  in  the  methane  OH,  O,  and  CHj)  directly  into  the  oxygen-rich  (fuel-lean) 

mole  fraction  (X^:  0.005-0.011)  on  the  air  side.  These  reaction  kernel.  As  a  result,  chain  reactions,  particularly  the 

resulted  from  the  air  penetration  and  the  methane  efflux  through  chain  branching  reaction  H  +  O2  OH  +  O  (ROl),  the  product 

the  dark  space.  The  minimum  oxygen  mole  fraction  at  the  forming  reaction  H2  +  OH  ->  H2O  +  H  (R05),  and  another 

reactionkemel  was  substantially  higher  (Xo2~  0.06)  than  that  in  branching  reaction  O  +  H2  OH  +  H  (R03)  are  promoted 

the  trailing  flame  (X02:  0.001-0.004)  and  even  in  moderately  compared  to  their  reverse  reactions  at  relatively  low  flame 

strained  counterflow  diffusion  flames  (X02  «  0.02  [Tsuji  and  temperatures.  More  importantly,  as  reported  in  a  previous 

Yamaoka,  1971])..  The  oxygen  consumption  rate  was  widely  paper  (Takahashi  et  al.,  1998),  the  reaction  step  CH3  +  O 

distributed  over  the  entire  reaction  zone,  closely  following  the  CH2O  +  H  (R46)  predominantly  contributed  to  the  total  heat- 

heat-release  rate  and  water  vapor  production  rate.  The  C|  release  rate  peak  at  the  reaction  kernel.  Therefore,  the  methane 

chemistry  in  case  1  again  overpredicted  the  methyl  radical  and  oxidation  path  through  CH4  CH3  ->  CH2O  -»  CHO  -4  CO 

formaldehyde  mole  fractions  on  the  fuel  side  (Fig.  4a).  must  be  the  dominant  route  compared  to  that  through  the  C2 

species  or  methyl  decomposition  to  CH2. 
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Fig.  6  Variations  of  the  calculated  (a)  temperature,  heat 
release  rate,  (b)  axial,  and  radial  velocity  components  along  the 
maximum  temperature  envelope  in  the  stabilizing  region  of  a 
methane  jet  dii^sion  flame. 

The  axial  location  of  the  reaction  kernel  shifted  as  the  C2 
chemistry  was  added:  case  1,  x^  =  -3  mm,  case  2,  Xk  =  -4  nm 
Apparently,  the  fate  of  methyl  radical  plays  a  key  role  in  the 
flame  stabilization.  As  a  result  of  the  additional  methyl  radical 
destruction  step  to  form  ethane,  the  methyl  concentration 
dropped  significantly  on  the  fuel  side.  The  additional  reactions 
for  C2  species  might  compete  with  other  species  for  radicals  and 
might  delay  the  methane  decomposition  and  oxidation 
processes,  thereby  expanding  the  standoff  distance. 

Flame  Stabilization 

Figure  6  shows  the  variations  in  (a)  the  temperature,  heat- 
release  rate,  (b)  axial,  and  radial  velocity  components  along  the 
flame  zone  (maximum  temperature  envelope)  for  cases  1 
through  3.  The  results  using  the  maximum  heat-release  rate 
envelope  (not  shown)  are  similar.  The  abscissa  is  the  axial 
distance  from  the  reaction  kernel  (heat-release  rate  peak).  For 
all  cases,  the  variations  are  similar;  the  temperature  reached 
-1500  K  at  the  reaction  kernel  and  asymptotically  approached 
in  the  trailing  flame  constant  values  (1900-2000  K),  which  are 
slightly  lower  for  C2-chemistry  models.  Because  the  axial  (or 
total)  velocity  along  the  flame  zone  kept  increasing 
downstream,  the  trailing  diffusion  flame  might  drift  away 
downstream  if  not  supported  by  upstream  portions. 

Figure  7  shows  the  variations  in  the  convective  and 
diffusive  molar  fluxes  and  consumption  rates  of  (a)  oxygen  and 


Fig.  7  Variations  of  the  calculated  convective,  diffusive  molar 
fluxes,  and  consumption  rate  of  (a)  methane  and  (b)  oxygen 
along  the  maximum  temperature  envelope  in  the  stabilizing 
region  of  a  methane  jet  diffusion  flame. 

(b)  methane  along  the  flame  zone  (maximum  temperature 
envelope)  for  cases  1  through  3.  Again  the  results  along  the 
maximum  heat-release  rate  envelope  (not  shown)  are  similar. 
The  diffusive  molar  fluxes  and  consumption  rates  of  oxygen 
and  fuel  peaked  near  the  reaction  kernel  {x  «  xjc),  a  sink  of  the 
reactants.  In  addition,  the  convective  contribution  to  the  total 
oxygen  flux  was  also  several  times  larger  than  those  in  the 
trailing  flame  because  of  the  high  concentration  of  leaked 
oxygen  in  the  broadened  reaction  zone.  Thus,  the  reactivity 
(peak  heat-release  rate,  oxygen  and  methane  consumption  rates, 
or  water  vapor  production  rate)  at  the  reaction  kernel  is  several 
times  larger  than  that  in  the  trailing  diffusion  flame,  and  the 
reaction  kernel  apparently  stabilized  the  flame.  Therefore,  the 
reaction  kernel  provided  a  stationary  ignition  source  to  the 
incoming  reactants  and  sustains  stable  combustion  in  the  flow 
field.  As  the  reaction  kernel  secures  the  stable  combustion,  the 
trailing  diffusion  flame  zone  can  be  successively  supported, 
thus  keeping  the  flame  from  lifting. 

CONCLUSIONS 

The  detailed  flame  structure  of  the  stabilizing  region  of  jet 
diffusion  flames  was  revealed  numerically  using  three  different 
chemistry  models.  A  highest  reactivity  (q,  and  ©Hjo) 
spot,  i.e.,  reaction  kernel,  is  formed  in  a  relatively  low- 
temperature  (<1600  K).  fuel-lean,  broadened  reaction  zone  in 
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the  flame  base  as  a  result  of  radical  back-diffusion  and 
reactions.  The  CH3  +  O  CH2O  +  H  reaction  predominantly 
contributed  to  the  heat-release  rate  peak.  The  standoff  distance 
was  sensitive  to  the  CH3  +  H  +  (M)  CH4  +  (M)  reaction.  As 
C2-chemistry  was  added  (case  I  to  2),  the  overall  methane 
decomposition  and  oxidation  processes  were  delayed  and  the 
reaction  kernel  farther  shifted  downstream,  whereas  the 
completely  different  GRI/Warnatz  mechanism  (case  3)  resulted 
in  a  shorter  standoff  distance.  Despite  the  variation  in  the 
standoff  distance,  the  calculated  reaction  kernel  structures  were 
nearly  identical  for  different  chemistry  models,  except  that  the 
Cl  chemistry  model  overpredicted  methyl  radical  and 
formaldehyde  mole  fractions  on  the  fuel-side  of  the  flame  zone. 
The  reaction  kernel  is  responsible  for  stabilizing  the  trailing 
diffusion  flame  zone. 
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Under  normal-gravity  conditions  the  flame  heat  release  produces  both  flow  dilatation  and  buoyancy  effects. 
While  it  may  be  possible  to  minimize  gravitational  effects  in  a  fully  prembced  flame  by  isolating  buoyancy  effects 
to  the  lower-density  postflame  region  or  plume,  this  cannot  be  accomplished  in  nonpremixed  flames.  It  is  known 
that  partially  prembced  flames  can  contain  two  reaction  zones,  one  with  a  prembced-lflce  structure  and  the  other 
consisting  of  a  transport-limited  nonprembced  zone  (in  which  mbcing  and  entrainment  effects  are  significant). 
For  these  reasons  it  is  important  to  understand  the  fundamental  interaction  between  flow  dilatation  and 
buoyancy  effects  in  partially  premixed  flames.  A  detailed  numerical  study  is  conducted  to  characterize  the  effect 
of  buoyancy  on  the  structure  of  two-dimensional  partially  prembced  methane-air  flames.  The  computational 
model  is  validated  by  comparison  with  the  experimentally  obtained  chemiluminescent  emission  from  excited-Cj 
free  radical  species  as  well  as  with  velocity  vectors  obtained  using  particle  image  velocimetry.  Both  the 
experiments  and  simulations  indicate  the  presence  of  two  reaction  zones  that  are  synergistically  coupled,  with 
each  region  providing  heat  and/or  chemical  species  for  the  other.  While  the  inner  prembced  flame  is  only  weakly 
affected  by  gravity,  the  outer  flame  shows  significant  spatial  differences  for  the  two  cases  due  to  buoyancy- 
induced  entrainment,  since  advection  of  air  into  the  outer  reaction  zone  increases  in  the  presence  of  gravity. 
The  presence  of  gravity  induces  more  compact  flames,  influences  the  velocity  profiles  in  the  post-inner  flame 
region,  and  increases  the  normal  strain  rate.  Although  the  spatial  differences  between  the  0-  and  1-g  flames  are 
more  significant  on  the  lean  side,  the  state  relationships  in  that  region  are  relatively  unaffected  by  gravity.  On 
the  other  hand,  the  inner  (rich-side)  reaction  zone  shifts  toward  less-rich  locations  in  the  presence  of  gravity, 
possibly  due  to  the  enhanced  buoyant  mixing.  The  1-g  flames  exhibit  a  larger  energy  loss  in  the  form  of  CO  and 


H2  emissions.  ©  1999  by  The  Combustion  Institute 


INTRODUCTION 

Partially  premixed  flames  may  be  established  by 
design  by  placing  a  fuel-rich  mixture  in  contact 
with  a  fuel-lean  mixture,  but  these  flames  also 
occur  otherwise  in  many  practical  systems.  For 
instance,  initially  nonpremixed  combustion  may 
involve  regions  of  local  extinction  followed  by 
partial  premixing  and  reignition  [1].  Likewise, 
partial  premixing  is  an  important  process  in 
nonpremixed  flame  liftoff  phenomena,  since  the 
reactants  can  mix  slightly  prior  to  ignition  [2, 3]. 
Nonuniform  evaporation  in  spray  flames  can 
also  result  in  local  fuel-rich  regions  in  which 
burning  occurs  in  the  partially  premixed  mode 
and  the  technique  of  lean  direct  injection  used 
to  achieve  stable  combustion  and  reduced  pol¬ 
lutant  levels  involves  regions  of  partially  pre¬ 
mixed  combustion.  In  addition,  unwanted  fires 
can  originate  in  a  partially  premixed  mode  when 
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a  pyrolyzed  or  evaporated  fuel  forms  an  initial 
fuel-rich  mixture  with  the  ambient  air. 

Under  normal-gravity  conditions  the  flame  heat 
release  produces  both  flow  dilatation  and  buoy¬ 
ancy  effects  in  partially  premixed  flames.  Gas 
expansion  due  to  the  heating  causes  downstream 
motion  normal  to  the  fiamefront.  The  buoyant 
gases  accelerate  the  flow  in  an  opposite  direction 
to  the  gravity  vector,  causing  air  entrainment  that 
enhances  the  fuel-air  mixing  and,  consequently, 
influences  the  upstream  region.  While  it  is  possi¬ 
ble  to  minimize  gravitational  effects  in  a  pre¬ 
mixed  flame  by  isolating  buoyancy  effects  to  the 
lower-density  postflame  region  or  plume,  it  is 
not  so  straightforward  to  do  so  in  nonpremixed 
flames.  Several  investigations  have  established 
that  partially  premixed  flames  can  contain  two 
reaction  zones  [4-11],  one  with  a  premixed-like 
structure  and  the  other  consisting  of  a  trans¬ 
port-limited  nonpremixed  zone  (in  which  mix¬ 
ing  and  entrainment  effects  are  significant).  The 
thickness  of  the  preheat  zone  associated  with 
the  premixed  flame  can  be  decreased  by  increas¬ 
ing  the  fuel-air  equivalence  ratio  [12]. 
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Fig.  1.  (a)  Schematic  diagram  of  the  100  mm  X  150  mm  (or  61  X  121  gridline)  computational  domain.  The  symbols  I  and 
J,  respectively,  represent  the  axial  and  transverse  gridlines.  The  boundary  conditions  are  also  specified.  The  simulated  burner 
consists  of  an  inner  7,5-mm  slot  with  two  15.5-nim  outer  slots  on  either  side  of  it.  The  wall  thickness  separating  the  slots  is 
1  mm.  (b)  Comparison  of  the  simulated  heat  release  rates  with  an  experimentally  obtained  C2-chemiluminescence  image  for 
a  1-g  flame  established  at  <f)  =  2,  and  F^ac  =  ^^air  -  30  cm  s“^ 


For  these  reasons  it  is  important  to  understand 
the  interaction  between  flow  dilatation  and  buoy¬ 
ancy  effects  in  partially  premixed  flames.  This 
investigation  compares  the  results  obtained  from 
numerical  computations  of  two-dimensional,  par¬ 
tially  premixed  methane-air  flames  established 
under  both  normal  and  zero-gravity  conditions. 

PROCEDURE 

The  computational  study  employs  a  flow  config¬ 
uration  based  on  a  rectangular  Wolfhard- 


Parker  slot  burner  that  is  schematically  depicted 
in  Fig.  la  and  described  elsewhere  [13].  A 
fuel-rich  mixture  is  introduced  from  the  inner 
slot,  and  air  from  either  side  of  it.  Identical 
two-dimensional  flames  are  established  on  ei¬ 
ther  side  of  the  centerline.  The  numerical  sim¬ 
ulations  are  conducted  on  one  side  of  the 
symmetry  plane  (plane  1).  The  other  three 
planes  bounding  the  domain  are  the  free  surface 
(plane  2),  the  inflow  boundary  '(plane  3),  and 
the  outflow  boundary  (plane  4). 

The  combustion  process  is  simulated  by  em- 
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ploying  a  detailed  numerical  model  based  on 
the  solution  of  time-dependent  governing  equa¬ 
tions  for  a  two-dimensional  reacting  flow.  Using 
Cartesian  coordinates  (j:,  y),  these  equations 
can  be  written  in  the  form 

a(p4))  ^  d{pu(l>)  ^  d(pv<j>) 
dt  dx  dy 


where  p  denotes  density,  and  u  and  v  the 
transverse  (x)  and  axial  (y)  velocity  compo¬ 
nents,  respectively.  The  general  form  of  the 
equation  represents  either  of  the  mass,  momen¬ 
tum,  species,  or  energy  conservation  equations, 
depending  on  the  variable  used  for  4>.  The 
transport  coefficient  F*^  and  the  source  terms  5*^ 
appearing  in  the  governing  equations  are  pro¬ 
vided  in  Table  1  of  Ref.  10.  The  set  of  governing 
equations  is  completed  by  using  the  overall 
species  conservation  equation  and  the  equation 
of  state  p  =  pRuT  S,-  Y^/Mi,  where  is  the 
universal  gas  constant,  T  the  temperature,  and 
Mi  the  molecular  weight  of  the  ith  species.  The 
thermod5mamic  and  transport  properties  ap¬ 
pearing  in  the  above  equations  are  considered 
to  be  temperature-  and  species-dependent. 
First,  the  viscosity  and  thermal  conductivity  of 
the  individual  species  are  estimated  based  on 
Chapman-Enskog  collision  theory,  following 
which  those  of  the  mixture  are  determined  using 
the  Wilke  semi-empirical  formulae.  Chapman- 
Enskog  theory  and  the  Lennard-Jones  poten¬ 
tials  are  used  to  estimate  the  binary-diffusion 
coefficient  between  each  species  and  nitrogen 
The  enthalpy  h  and  specific  heat  are 
calculated  for  each  species  using  the  polynomial 
curve  fits  from  Ref.  14. 

An  implicit  algorithm  is  employed  to  solve 
the  unsteady  gas-phase  equations.  The  govern¬ 
ing  equations  are  integrated  by  using  a  finite 
control  volume  approach  with  a  staggered,  non- 
uniform  grid  system.  The  finite-difference  forms 
of  the  momentum  equations  are  obtained  using 
an  implicit  scheme  [15],  whereas  those  of  the 
species  and  energy  equations  are  obtained  using 
a  hybrid  scheme  [16].  Grid  lines  are  clustered 
near  the  flame  surfaces  to  resolve  the  steep 
gradients  of  the  dependent  variables.  Bound¬ 


aries  of  the  computational  domain  are  shifted 
sufficiently  to  minimize  the  propagation  of  dis¬ 
turbances.  An  iterative  Alternating  Direction 
Implicit  (ADI)  technique  is  used  for  solving  the 
resulting  {Ns  +  3)  sets  of  algebraic  equations. 
A  stable  numerical-integration  procedure  is 
achieved  by  coupling  the  species  and  energy 
equations  through  the  chemical-reaction  source 
terms.  At  each  time  step  the  pressure  field  is 
calculated  by  solving  the  pressure  Poisson  equa¬ 
tions  at  all  grid  points  simultaneously  and  uti¬ 
lizing  the  Lower  and  Upper  (LU)  matrix-de- 
composition  technique.  Further  details  about 
the  numerical  procedure  and  the  treatment  of 
boundary  conditions  are  provided  in  earlier 
publications  [10,  11,  17-20].  Numerical  valida¬ 
tion  studies  employing  different  grids  as  well  as 
comparison  with  experimental  results  are  con¬ 
tained  in  Refs.  10,  11,  and  13.  A  relatively 
detailed  17-species,  52-step  Ci-mechanism  is 
used  to  represent  the  CH4-air  chemistry  [21]. 

The  simulations  are  validated  by  comparing 
the  predicted  heat  release  profile  with  the  ex¬ 
perimentally  obtained  chemiluminescent  emis¬ 
sion  due  to  excited-C2  free  radical  species  from 
a  representative  flame  established  under  nor¬ 
mal-gravity  conditions  (cf.  Fig.  lb).  Images  of 
the  (1,  0)  C2  Swan  band  (at  a  wavelength  of  473 
nm  [22])  are  obtained  using  an  ITT  F4577 
intensified  513  X  480  pixel  camera  through  a 
narrow  wavelength  interference  filter  (470  ±  10 
nm),  and  transferred  to  a  frame  grabber  and 
processed  by  subtracting  a  representative  back¬ 
ground  image.  The  emission  can  be  interpreted 
as  a  signature  of  chemical  reaction  and  heat 
release  [23-26],  since  the  excited  C2  free  radical 
species  is  short-lived,  a  good  indicator  of  the 
reaction  zone  [25],  and  its  light  intensity  is 
known  to  vary  linearly  with  the  volumetric  heat 
release  [13, 26].  The  chemiluminescence  images 
are  directly  proportional  to  the  C2  formation 
rate  and,  thus,  serve  as  a  qualitative  rate  mea¬ 
sure  of  the  flame  chemistry  [27]. 

The  computed  velocity  field  is  compared  with 
velocity  vectors  obtained  using  particle  image 
velocimetry  (PIV)  (cf.  Fig.  2).  The  flow  is 
seeded  with  Ti02  particles  and  the  particle 
illumination  source  consists  of  a  double-pulsed 
Continuum  NdiYAG  laser.  Particle  images  are 
captured  two  times  (due  to  the  double  pulse) 
using  a  TI  RS-170  CCD  camera.  The  digitized 
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X,  mm  X,  mm 

Fig.  2.  Comparison  of  the  measured  (-4  ^  ^  0  mm)  and 
predicted  velocity  vectors  (0  <  x  ^  4  mm)  for  a  flame 
established  at  -  2,  =  30  cm  s~\  and  -  30  cm 

s”^.  The  corresponding  flame  interface  (chemiluminescent 
image  and  simulated  heat  release)  is  superimposed  on  the 
two  plots. 

image  is  fed  to  an  array  processor  and  analyzed 
using  commercial  autocorrelation  software 
(TSI).  Several  precautions  are  taken  to  ensure 
reliability.  Each  interrogation  spot  contains 
more  than  10  particle  image  pairs.  Through 
extensive  trial  and  error,  the  interrogation  spot 
size  is  made  small  enough  for  a  single  vector  to 
describe  the  flow  at  that  location,  and  the  laser 
sheet  thick  enough  for  out-of-plane  particle 
motion  to  not  be  problematic  and  for  sufficient 
particle  pairs  to  be  present.  The  particle  dis¬ 
placement  is  kept  greater  than  two  particle 
image  diameters,  but  not  more  than  one-quar¬ 
ter  of  the  interrogation  spot  size.  The  overlap 
between  spots  is  adjusted  to  increase  the  vector 
density.  In  order  to  obtain  accurate  data  for  the 


range  of  flow  velocities,  the  PIV  measurement 
window  was  set  at  7.5  X  5.5  mm,  respectively,  in 
the  jc-  and  y-wise  directions.  This  choice  re¬ 
stricted  the  lowest  possible  velocity  measure¬ 
ment  for  the  acquired  particle  displacements  to 
30  cm  s“^.  Further  details  of  the  PIV  system  are 
contained  in  Ref.  13. 


RESULTS  AND  DISCUSSION 

Figure  lb  contains  a  comparison  between  the 
predicted  heat  release  rate  and  the  experimen¬ 
tally  obtained  emission  image  for  a  representa¬ 
tive  1-g  methane-air  flame  established  at  an 
equivalence  ratio  </>  =  2,  and  air  and  reactant 
velocities  (respectively,  and  V^eac) 
s"^.  Both  the  simulated  heat  release  and  the  C2 
emission  signal  are  confined  to  two  relatively 
thin  sheet-like  reaction  zones,  one  each  on  the 
rich  and  lean  sides  of  the  flow.  The  simulation 
and  experiment  show  excellent  agreement  with 
respect  to  the  spatial  location  of  the  reaction 
zones. 

Combustion  proceeds  in  two  distinct  sepa¬ 
rated  reaction  zones,  one  an  inner  premixed 
flame  and  the  other  an  outer  nonpremixed 
flame.  The  two  reaction  zones  in  analogous 
counterflow  flames  are  ‘"merged”  due  to  higher 
strain  rate  effects  [28].  This  is  due  to  flowfield 
differences  between  one-  and  two-dimensional 
flames,  since  merged  partially  premixed  flames 
can  be  retracted  into  double  flames  provided 
the  flowfield  stretch  rates  are  low  enough  [29]. 
The  highest  temperatures  occur  in  the  outer 
flame.  The  chemistry  is  frozen  in  the  region 
between  the  inner  and  outer  reaction  zones 
despite  the  high  temperatures  there  due  to  a 
local  scarcity  of  hydroxyl  radicals  that  are  re¬ 
quired  to  oxidize  the  intermediate  species  CO 
and  H2,  which  are  formed  in  the  inner  (pre- 
mixed-like)  reaction  zone.  Based  on  the  heat 
release  rate  profiles,  the  inner  and  outer  flame 
lengths  are,  respectively,  16  and  48  mm.  Both 
these  heights  agree  with  the  measured  values 
obtained  from  the  emission  images  of  Fig.  lb. 
The  reaction  and  heat  release  rates  are  much 
weaker  at  the  tip  of  the  outer  flame  than  at  its 
base,  whereas  the  inner  premixed  flame  has 
comparable  reaction  and  heat  release  rates  at 
both  its  tip  and  base. 
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Figure  2  compares  the  experimentally  ob¬ 
tained  and  computed  velocity  vectors  in  the  1-g 
flame  discussed  in  the  context  of  Fig.  lb.  The 
flame  interface  separates  smaller  velocity  mag¬ 
nitudes  on  the  reactant  side  from  larger  values 
on  the  partially  burned  side  in  both  sets  of  data. 
The  measured  and  predicted  results  are  in 
excellent  agreement.  Flow  dilatation  due  to  the 
inner  flame  heat  release  causes  the  velocity 
vectors  to  move  away  from  the  centerline.  The 
experimental  data  are  sparse  in  some  postflame 
regions,  since  dilatation  reduces  the  particle 
seed  densities  in  those  areas  considerably.  Con¬ 
sequently,  there  is  some  discrepancy  in  the 
comparison  in  the  postflame  region  due  to 
experimental  uncertainties. 

Figure  3  depicts  the  normal-  and  zero-gravity 
flame  structures  for  different  values  of  F^eac  and 
(t>.  For  both  the  1-g  and  0-g  flames,  the  inner 
and  outer  reaction  zone  heights  increase  as 
either  or  both  of  the  reactant  velocity  and  the 
equivalence  ratio  are  increased.  The  depen¬ 
dence  of  the  inner  flame  height  on  the  reactant 
velocity  is  attributable  to  the  residence  time, 
since  the  chemical  reaction  time  essentially  de¬ 
pends  only  on  the  equivalence  ratio.  Conse¬ 
quently,  the  premixed  reaction  zone  moves  to 
increasingly  higher  axial  locations  as 
raised.  On  the  other  hand,  the  chemical  reac¬ 
tion  time  also  increases  as  <j)  is  increased  and, 
consequently,  the  inner  flame  height  increases. 
The  increase  in  the  outer  flame  height  with 
larger  reactant  velocities  is  attributed  to  two 
factors:  (1)  Due  to  the  strong  synergistic  inter¬ 
actions  between  the  two  flames,  the  outer  flame 
height  increases  with  the  inner  flame  height.  (2) 
Larger  values  of  K^eac  enhance  the  advection 
fluxes  of  CO  and  H2  (that  are  provided  by  the 
inner  reaction  zone  and  serve  as  intermediate 
fuels)  that  move  the  outer  flame  farther  down¬ 
stream  in  the  axial  direction. 

We  have  found  that  the  heights  of  both  the 
inner  and  outer  reaction  zones  at  1-g  are  well- 
correlated  with  the  function  F  =  Kead^ 
^reac/^air)(<^>  “  1)^  whcrC  F,eac  denOtCS  the 
velocity  of  the  flow  issuing  from  the  inner  slot, 
and  Fair  represents  the  velocity  of  the  air  intro¬ 
duced  from  the  outer  slot  [13].  A  linear  best  fit 
provides  relations  for  the  inner  reaction  zone 
height  Li  =  (0.3F  +  2)  mm,  and  the  outer 
height  Lq  =  (0.6F  +  20)  mm  in  the  ranges 


25  ^  F  ^  280  mm,  5  ^  L/  ^  85  mm,  and  20  ^ 
L,.  <  145  mm. 

Another  important  observation  from  Fig.  3  is 
that  the  presence  of  gravity  reduces  the  spatial 
separation  between  the  inner  and  outer  reaction 
zones  and,  thereby,  enhances  the  interaction 
between  these  regions.  In  addition,  while  the 
inner  flame  characteristics  are  essentially  unaf¬ 
fected  by  gravity,  the  outer  flame  shows  a  strong 
sensitivity  to  gravity.  For  all  the  cases  consid¬ 
ered,  the  presence  of  gravity  makes  the  outer 
flame  more  compact,  taller,  and  closer  to  the 
inner  flame.  In  addition,  the  outer  flames  ex¬ 
hibit  weaker  reaction  rates  at  their  tips  at  zero- 
gravity  as  compared  to  their  1-g  counterparts. 
This  is  apparently  caused  by  the  relatively  en¬ 
hanced  diffusive  fluxes  downstream  of  the  inner 
premixed  zone  compared  to  the  reduced  advec¬ 
tion  fluxes  in  the  outer  region  for  the  0-g  flames. 
This  may  have  important  implications  with  re¬ 
gard  to  the  overall  pollutant  formation  in  par¬ 
tially  premixed  flames,  especially  with  respect  to 
CO  leakage  from  the  zero-gravity  flames. 

The  iso-temperature  contours  for  two  flames, 
one  established  at  1  g  and  the  other  at  0  g  at  <#>  =  2 
and  Freac  =  Kir  =  ^m  are  presented  in 
Fig.  4,  The  corresponding  heat  release  rate 
profiles  are  contained  in  Fig.  3b.  In  the  1-g  case 
the  reactants  flow  out  of  the  burner  in  an 
opposite  direction  to  the  gravitational  vector. 
The  Froude  number  FT(=V^Q^JgL  -  1.22)  for 
the  1-g  flame  is  of  order  unity  so  that  the  inertial 
and  gravitational  effects  are  of  similar  magni¬ 
tude.  The  air  entrainment  that  occurs  at  1  g  is 
illustrated  by  the  direction  of  the  velocity  vec¬ 
tors  in  the  outer  flow  that  turn  toward  the 
centerline.  Flow  dilatation  due  to  the  inner 
flame  heat  release  causes  the  velocity  vectors  to 
move  away  from  the  centerline.  The  tempera¬ 
ture  of  the  outer  reaction  zones  is  higher  than  in 
the  respective  inner  zones.  The  heat  release 
rates  associated  with  the  two  inner  (rich-side) 
reaction  zones  are  similar  for  the  two  flames. 
However,  the  outer  reaction  zone  heat  release 
rates  are  different  for  the  two  flames,  since 
buoyancy  effects  elongate  the  outer  nonpre- 
mixed  flame  in  the  presence  of  gravity.  Conse¬ 
quently,  the  inner  reaction  zones  exhibit  like 
temperature  profiles  for  the  two  cases,  whereas 
the  outer  reaction  zone  temperatures  are  dis¬ 
similar.  Buoyancy  effects  cause  the  outer  reac- 
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Fig.  4.  Temperature  profiles  for  (a)  1-g  and  (b)  0-g  flames, 
both  established  SLt  <f>  =  2  and  K^ac  ”  =  30  cm  s"\ 


tion  zone  to  become  slender  and  more  compact 
than  in  the  corresponding  0-g  case. 

The  effects  of  flow  dilatation  are  apparent 
along  the  premixed  flame  both  in  the  presence 
and  absence  of  gravity,  and  gas  expansion  turns 
the  velocity  vectors  away  from  the  centerline.  In 


the  presence  of  gravity,  buoyancy  effects  accel¬ 
erate  the  products  and,  consequently,  direct  the 
velocity  vectors  toward  the  centerline.  There¬ 
fore,  the  advection  of  the  (outer)  air  flow  into 
the  outer  reaction  zone  increases  in  the  pres¬ 
ence  of  gravity.  While  the  inner  reaction  zone 
height  based  on  the  heat  release  profile  is 
unaffected  by  gravitational  effects,  the  topogra¬ 
phy  of  the  outer  reaction  zone  is  significantly 
different.  The  1-g  flame  exhibits  much  steeper 
temperature  gradients  in  its  outer  reaction  zone 
as  the  enhanced  air  advection  both  increases  the 
local  reaction  rate  and  cools  that  region. 

The  spatial  changes  in  the  outer  flame  chem¬ 
istry  are  illustrated  in  Fig.  5  which  compares  the 
reaction  rate  contours  of  the  major  fuel  decom¬ 
position  reaction  CH4  +  H  CH3  +  H2  and 
the  product-formation  reaction  H2  +  OH  <=> 
H2O  +  H  for  the  two  flames.  Whereas  the  outer 
reaction  zone  tip  is  closed  at  1  g  (based  oh  the 
methane-consumption  reaction),  that  for  the 
0-g  flame  is  open.  Likewise,  water  formation 
occurs  in  a  broader  spatial  region  at  zero  grav¬ 
ity.  This  is  due  to  the  relatively  limited  transport 
of  air  into  the  outer  reaction  zone  under  0-g 
conditions  so  that  the  fuel  must  diffuse  farther 
into  the  air  stream  in  order  to  meet  its  oxidizer 
demand.  The  corresponding  inner  reaction 
zones  exhibit  much  smaller  topographical  dif¬ 
ferences.  The  inner  zone  reaction  rate  intensity 
at  0  g  is  slightly  lower.  The  methane  consump¬ 
tion  rate  is  higher  in  the  inner  premixed  flame 
due  to  its  higher  concentrations  in  that  region. 
Since  oxygen  is  deficient  in  the  premixed  reac¬ 
tion  zone,  methane  leaks  through  it  and  is  also 
consumed  in  the  nonpremixed  flame,  although 
at  lower  rates.  The  outer  reaction  zone  is  trans- 
port-limited  and  is,  therefore,  spatially  thicker 
than  the  inner  premixed  flame. 

A  detailed  examination  of  the  reaction  rates 
previously  reported  by  us  [11, 13]  indicated  that: 
(1)  The  major  pathway  for  methane  consump¬ 
tion  proceeds  through  the  reactions  CH4  + 
H  O  CH3  +  H.,  CH3  +  O  CH2O  +  .H, 
CH2O  +  H  O  CHO  +  H2,  and  CHO  +  M  O 


4 - ^ ; - — - - 

Fig.  3.  Heat  release  rate  contours  and  velocity  vector  plots  for  several  normal-  and  zero-gravity  flames  (for  all  of  the  cases 
=  30  cm/s):  (a)  =  20  cm/s,  <!>  =  2.0;  (b)  =  30  cm/s,  4)  =  2.0;  (c)  Keac  =  50  cm/s.  (f>  =  2,0;  (d)  K,eac  =  30  cm/s, 

(l>  =  2.5. 


778 


98 


Z.  SHU  ET  AL. 


CO  4-  H  +  M;  (2)  Carbon  monoxide  and 
hydrogen  are  oxidized  in  the  outer  nonpremixed 
flame,  respectively,  through  the  reactions  CO  + 
OH  O  CO2  +  H  and  H2  +  OH  O  H2O  +  H; 
and  (3)  O2  is  converted  into  hydroxyl  radicals  in 
this  flame  through  the  sequential  reactions 
O2+H  +  M  <=>  HO2  +  M  and  HO2  +  H 
OH  H-  OH.  In  those  investigations  we  reported 
that  the  two  reaction  zones  are  synergistically 
coupled  and  each  provides  heat  and/or  chemical 
species  for  the  other.  The  premixed  flame  re¬ 
quires  H-atoms  for  the  reactions  that  initiate 
CH4  and  O2  consumption  and  produces  the 
partial  oxidation  products  CO  and  H2  (which 


provide  the  fuel  for  the  nonpremixed  flame). 
The  nonpremixed  flame  consumes  the  premixed 
flame  products  and,  in  turn,  produces  H-atoms 
that  are,  in  part,  transported  back  into  the  inner 
region  [11,  13].  Our  results  show  that  the  heat 
release  rate  profile  strongly  correlates  with  CO- 
and  H2-oxidation  [13].  Therefore,  the  region 
between  the  inner  and  outer  flames  is  charac¬ 
terized  by  heat  and  mass  transport  by  both 
advection  and  diffusion,  but  where  negligible 
chemical  reaction  occurs  due  to  the  relative 
paucity  of  hydroxyl  radicals  that  are  required  to 
oxidize  CO  and  H2. 

The  advection  of  O2,  CH4,  and  H-atoms  in 
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both  the  1-  and  0-g  flames  is  jllustrated  in  Fig.  6^ 
The  advection  term  is  puYl  +  puYj,  where  i 
and;  denote  the  directional  vectors.  Tlie  advec¬ 
tion  of  methane  and  oxygen  into  the  inner 
reaction  zone  is  very  similar  for  the  two  flames. 
Under  normal  gravity  conditions  methane  is 
advected  toward  the  centerline  at  higher  axial 
and  radial  locations  (y  >  20  mm,x  >  2.5  mm), 
while  at  0  g  this  CH4-transport  in  this  manner  is 
roughly  parallel  to  the  centerline.  The  differ¬ 
ence  between  the  two  flames  is  clearer  in  the 
context  of  O2  advection,  since  buoyancy  both 
accelerates  the  flow  and  greatly  enhances  oxi¬ 
dizer  transport  toward  the  centerline.  While  the 
advection  of  H-atoms  in  the  region  of  the  inner 
reaction  zone  is  similar  for  both  the  1-  and  0-g 
flames,  it  is  markedly  dissimilar  in  the  region  of 
the  outer  reaction  zone.  Therefore,  buoyant 
transport  enhances  radical  advection  into  the 
outer  reaction  zone.  In  contrast,  the  flux  of 
radical  species  into  the  outer  reaction  zone  of 
the  zero-gravity  flame  is  smaller  and,  conse¬ 
quently,  the  reactant  residence  times  are  larger 
in  the  outer  zone  of  that  flame.  The  advective 
flux  of  the  various  species  in  the  region  con-  ^ 
tained  between  the  inner  and  outer  reaction 
zones  is  much  larger  at  normal  gravity  and, 
consequently,  the  separation  between  the  inner 
and  outer  reaction  zones  is  smaller  at  1-g.  In 
general,  buoyancy  effects  increase  the  advection 
of  all  species.  The  consequence  of  this  is  that 
the  1-g  flames  exhibit  larger  emission  of  un- 
bumed  intermediates,  such  as  CO  and  H2  (as 
discussed  later  in  context  of  Figs.  11a  and  b). 

In  summary,  the  zero-gravity  flame  is  spatially 
broader  than  the  normal  gravity  flame.  While 
the  inner  premixed  spatial  region  appears  to  be 
relatively  unaffected  by  gravitational  effects,  the 
outer  flame  is  significantly  dissimilar  for  the  two 
cases.  The  gravitational  effects  that  occur  in  the 
postflame  zone  of  the  inner  flame  do  not  signif¬ 
icantly  influence  its  upstream  region  in  accord 
with  previous  results  for  premixed  flames  [30]. 
The  reactions  along  the  carbon-consumption 
chain  are  weaker  in  the  outer  nonpremixed 
region  at  zero-gravity  and  occur  in  a  larger 
reaction  volume.  The  outer  flame  As  thicker  in 
the  absence  of  gravity,  since  buoyant  mixing  is 
absent,  suggesting  that  its  structure  will  be  more 
sensitive  to  any  flow  or  stoichiometry  perturba¬ 
tions. 


The  diffusive  flux,  which  has  the  form 
-(pDi^i,;)idYildx)l  +  {pD,^r,)idYJdy)J,  of 
O2,  CO,  and  OH  radicals  for  the  two  flames  is 
compared  in  Fig.  7.  Buoyancy  effects  have  a 
negligible  impact  on  the  diffusion  of  species  into 
and  out  of  the  inner  reaction  zone.  The  diffusive 
fluxes  associated  with  the  outer  reaction  zone 
are,  however,  influenced  by  gravity,  since  that 
reaction  zone  topography,  and,  therefore,  the 
species  concentration  gradients  are  different  in 
the  two  flames.  The  enhanced  mixing  in  the 
outer  reaction  zone  at  1  g  causes  the  reactions 
to  proceed  faster  and  the  ojygen  gradients  to  be 
steeper.  This  also  increases  oxygen  diffusion 
into  that  region  under  normal  gravity.  The 
slower  oxygen  transport  at  0  g  induces  the 
carbon  monoxide  to  diffuse  further  away  from 
the  centerline  before  its  conversion  into  CO2  by 
hydroxyl  radicals.  Overall,  gravity  does  not  im¬ 
pact  the  diffusive  fluxes  as  strongly  as  it  does 
advection,  in  particular,  in  the  outer  reaction 
zone.  However,  the  relative  influence  of  the 
diffusive  fluxes  in  comparison  to  advection  is 
significantly  enhanced  in  the  absence  of  gravity. 

Rame  stretch  occurs  due  to  both  flow  non¬ 
uniformities  along  the  flame  surface  and  curva¬ 
ture  [31].  The  outer  flame  exhibits  a  larger 
curvature  (based  on  either  the  heat  release  or 
various  reaction  rates)  in  the  absence  of  gravity 
(cf.  Fig.  3).  The  normal  gravity  outer  flame  is 
curved  at  its  base  and  virtually  planar  elsewhere. 
The  tips  of  both  the  inner  and  outer  reaction 
zones  appear  to  be  locally  planar  (based  on  the 
local  advection)  so  that  the  local  stretch  rate 
there  is  essentially  due  to  aerodynamic  straining 
alone.  While  the  flow  is  oblique  to  the  inner 
reaction  zone  surface  everywhere,  it  is  virtually 
normal  to  the  outer  flame  surface  in  the  vicinity 
of  the  centerline.  Therefore,  the  inner  reaction 
zone  is  stretched  at  the  centerline,  whereas  the 
outer  flame  experiences  negligible  stretch.  The 
fuel-side  strain  rate  (in  this  case  that  associated 
with  the  inner  flame)  has  been  previously  inter¬ 
preted  as  a  sensitive  indicator  of  partially  pre¬ 
mixed  flame  structure  in  one-dimensional  coun¬ 
terflow  flames  [28].  Figure  8a  presents  the 
centerline  velocity  profiles  for  several  flames, 
which  show  large  differences  due  to  gravita¬ 
tional  effects.  The  velocity  profiles  prior  to  the 
inner  flame  are  nearly  identical  in  the  presence 
and  absence  of  gravity,  but  exhibit  significant 
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Fig.  6.  Advection  flux  of  CH4,  O2,  and  H-atoms  under  (a)  normal-gravity  and  (b)  zero-gravity  conditions.  A  scale  for  the 
magnitude  of  the  vectors  is  provided  at  the  top  of  the  figures. 
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Fig.  8.  Profiles  of  centerline  (a)  velocity,  and  (b)  strain  rate 
for  normal-  and  zero-gravity  flames  established  at  =  2, 
Kir  =  30  cm  s^S  and  =  20,  30,  and  50  cm  s'”*. 


differences  in  the  postflame  region.  The  zero- 
gravity  flames  exhibit  a  small  velocity  increase 
due  to  dilatation,  whereas  the  velocity  in  the 
normal-gravity  flames  increases  severalfold  due 
to  buoyancy  effects. 

Since  there  are  no  transverse  gradients  or 
transverse  velocity  components  along  the  cen¬ 
terline,  the  strain  rate  tensor  there  contains  a 
single  component,  i.e.,  the  normal  axial  strain 
rate.  The  corresponding  centerline  normal 
strain  rates  for  the  flames  discussed  in  Fig.  8a 
are  presented  in  Fig.  8b.  These  rates  vary, 
having  their  largest  and  smallest  values,  respec¬ 
tively,  in  the  preheat  and  the  heat  release 
regions  of  the  inner  reaction  zone.  The  normal 
strain  rate  in  the  initial  cold  flow  is  unaffected 
by  gravity.  Just  prior  to  the  preheat  zone,  the 
normal  strain  rate  is  negligible  when  K^eac  =  30 
and  50  cm  s“^  Therefore,  the  double  flame 
structure  (that  is  not  apparent  at  this  stoichiom¬ 
etry  in  higher  shear  strain  rate  counterflow 


flames  [28])  is  due  to  the  lower  strain  rates  in 
the  two-dimensional  configuration.  Increasing 
the  initial  reactant  velocity  decreases  the  maxi¬ 
mum  values  of  the  normal  strain  rate.  Further 
downstream,  the  rates  relax  to  moderate  values 
under  normal-gravity  conditions,  and  are  negli¬ 
gible  in  the  absence  of  gravity.  In  general,  the 
absence  of  gravity  decreases  the  local  strain  rate 
allowing  for  further  spatial  separation  of  the 
two  reaction  zones. 

The  spatial  broadening  of  the  reaction  zone 
due  to  gravity  is  illustrated  in  Figs.  9a- c  which 
present  various  spatially  integrated  (in  the  axial 
direction)  reaction  rate  profiles  with  respect  to 
transverse  position.  Figure  9a  presents  the 
transverse  profile  of  the  spatially  integrated 
methane  consumption  reaction  for  the  two 
flames.  While  the  reaction  is  concentrated 
around  one  axial  location  at  1  g,  since  the  outer 
flame  is  wider  at  0  g,  the  reaction  proceeds  at 
two  distinct  axial  locations  at  that  condition. 
This  is  also  true  of  the  CO-  and  H2-oxidation 
reactions  as  Olustrated  in  Figs.  9b  and  c.  The 
reactions  peak  in  the  vicinity  of  the  axial  loca¬ 
tion  of  the  flame  base  at  both  normal-  and 
zero-gravity.  At  0  g,  the  reaction  rates  also 
exhibit  peaks  at  transverse  locations  that  are 
further  displaced  from  the  centerline.  The  in¬ 
creased  spatial  separation  between  the  inner 
and  outer  reaction  zones  at  0  g  is  also  evident 
from  Figs.  9a-c. 

In  contrast,  if  the  reaction  rates  are  spatially 
integrated  in  the  transverse  direction,  their  nor¬ 
mal-  and  zero-gravity  profiles  are  similar  for  the 
two  flames.  This  is  illustrated  in  Fig.  9d  through 
the  profile  of  the  reaction  H2  +  OH  <:»  H2O  + 
H.  Although  the  transversely  integrated  reac¬ 
tion  rate  is  slightly  higher  at  higher  axial  loca¬ 
tions  for  the  1-g  flame,  the  (axial)  differences 
between  the  two  flames  are  not  as  pronounced 
as  in  the  transverse  direction  (cf.  Figs.  9a- c). 
These  figures  again  illustrate  how  the  outer 
nonpremixed-type  reaction  zone  must  move 
outward  into  the  air  stream  to  meet  the  oxidizer 
demand  of  the  unbumed  methane  and  the 
intermediate  species  CO  and  H2. 

The  effects  of  varying  strain  rates,  and  multi¬ 
dimensional  transport  of  heat  and  radicals  on 
the  flame  structure  can  be  investigated  by  ex¬ 
amining  the  state  relationships  of  the  various 
scalars.  Previous  investigations  have  found  that 
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Fig.  9.  Integrated  rate  profiles  with  respect  to  the  transverse  direction  for  the  reactions  (a)  CH4  -I-  H  ^  CH3  +  H2;  (b)  CO  + 
OH  <=>  CO2  +  H;  (c)  H2  +  OH  <=>  H2O  +  H;  and  (d)  (with  respect  to  the  axial  direction)  for  the  reaction  H2  +  OH  H2O  + 
H. 


State  relationships  (in  terms  of  the  mixture 
fraction)  for  the  major  species  are  generally 
applicable  to  nonpremixed  hydrocarbon-air 
flames  established  in  various  configurations 
over  a  range  of  strain  rates  [32].  It  is  known  that 
partially  premixed  flames  can  ^so  be  character¬ 
ized  with  respect  to  a  modified  mixture  fraction 
^  -  (Z  -  Zi)l(Zr  “  Z/),  where  Z  denotes  the 
relative  local  mass  fraction  originating  in  the 
fuel,  and  the  subscripts  r  and  /  are  conditions 
relevant  at  the  boundaries  of  the  rich  and  lean 
regions,  respectively  [1,  3,  8,  11]. 

State  relationships  for  the  temperature  and 
H2  mass  fraction  are  presented  in  Fig.  10  along 
three  sets  of  transverse  locations  with  respect  to 
^  (defined  in  terms  of  the  local  nitrogen  mass 
fraction)  for  two  flames  established  under  sim¬ 
ilar  flow  and  stoichiometric  conditions,  but  un¬ 
der  normal-  and  zero-gravity.  The  temperature 
and  H2  profiles  clearly  show  the  two  rich-  and 
lean-side  reaction  zones.  The  lean-side  temper¬ 


ature  is  higher,  as  has  been  previously  noted  [28, 
29].  The  locations  of  both  the  rich  and  lean 
reaction  zones  differ  with  respect  to  depend¬ 
ing  on  their  transverse  positions.  Due  to  the 
spatial  differences  between  the  0-  and  1-g 
flames  on  the  lean  side  we  expect  the  state 
relationships  to  differ  in  that  region.  The  peak 
temperature  on  the  lean  side  is  2181  K  for  the 
0-g  flame  and  2164  K  for  the  1-g  flame.  This 
small  reduction  in  the  peak  temperature  can  be 
explained  by  the  enhanced  mixing  of  fuel  and 
air  in  the  presence  of  gravity  and  the  buoyancy- 
induced  convective  heat  transfer. 

The  inner  (rich-side)  reaction  zone  shifts 
towards  less-rich  locations  in  the  presence  of 
gravity  as  seen  from  the  profiles  contained  in 
Fig.  10.  It  is  clear  from  Fig.  6  that  the  flow 
divergence  is  larger  as  one  moves  transversely 
outward  from  the  centerline,  and  consequently, 
the  local  strain  rate  also  increases.  The  two- 
dimensional  slot  flame  is  characterized  by  a 
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Fig.  10.  Profiles  of  axial  (a)  temperature,  and  (b)  H2  mass 
fraction  with  respect  to  the  modified  mixture  fraction  for 
normal-  and  zero-gravity  flames  established  at  4)  =  2.5, 

=  Freac  =  30  cm  s“^  aloDg  three  transverse  locations:  x  =  0, 
2,  and  3.75  mm. 

multiplicity  of  local  aerodynamic  strain  rates. 
The  results  contained  in  Fig.  10  show  that  as  the 
local  strain  rate  increases,  the  inner  rich-side 
reaction  zone  moves  closer  in  mixture  fraction 
space  to  the  lean  outer  reaction  zone.  Conse¬ 
quently,  while  gravity  affects  the  outer  lean 
reaction  zone,  strain  rate  effects  are  more  pro¬ 
nounced  on  the  inner  reaction  zone.  Since  the 
presence  of  gravity  slightly  increases  the  strain 
rate  experienced  by  the  rich  inner  reaction  zone, 
its  location  in  the  1-g  flame  moves  relatively 
closer  to  the  lean  side  in  mixture  fraction  space 
as  compared  to  the  0-g  flame.  In  accord  with  a 
residence  time  criterion,  the  H2  mass  fraction  in 
the  outer  reaction  zone  decreases  with  increas¬ 
ing  flame  straining. 

Figures  11a  and  b,  respectively,  present  the 
fractional  axial  advection  of  carbon  atoms  (con¬ 
tained  in  CO)  and  hydrogen  atoms  (contained 
in  H2)  in  comparison  to  their  flux  in  the  form  of 
fuel.  The  fractional  axial  advection  of  either 
elemental  species  is  calculated  through  the  ex- 
pression  (flfc,,/a*.cH,)(>'»'cH4  So  YiPVy  dx)/{Wi 
So  (YcHiP^yh  where  W  denotes  the  mo- 


Height,  mm 


Height,  ram 

Fig.  11.  The  axial  advection  of  (a)  carbon  contained  in  CO, 
and  (b)  hydrogen  contained  in  H2  as  a  weight  percentage  of 
both  species  introduced  into  the  domain  in  the  form  of  CH4. 
The  conditions  a,  b,  c,  and  d  are  the  same  as  for  the  normal- 
and  zero-gravity  flam^  discussed  in  the  context  of  Fig.  3. 

lecular  weight,  Y  the  mass  fraction,  p  the  den¬ 
sity,  Vy  the  axial  velocity,  L  the  width  of  the 
computational  half  domain,  the  subscript  i  re¬ 
fers  to  either  CO  or  H2,  while  the  subscript  0 
refers  to  conditions  at  the  influx  plzine  into  the 
domain,  i.e.,  at  y  =  0  which  is  the  burner  exit. 
The  ratio  refers  to  the  relative 

number  of  atoms  of  element  k  (either  C  or  H) 
contained  in  species  i  (respectively,  CO  or  H2) 
compared  to  the  corresponding  number  in  CH4. 
The  carbon  and  hydrogen  fractional  advection 
is  presented  in  Figs.  11a  and  b  for  the  eight 
flames  that  are  discussed  in  the  context  of  Fig.  3. 
In  general,  the  fractional  advection  of  these 
elemental  species  is  always  greater  at  1  g,  con¬ 
firming  the  relatively  enhanced  role  of  molecu¬ 
lar  transport  in  the  absence  of  gravity.  The 
simulations  show  that  the  value  of  the  fractional 
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advection  rises  when  either  or  the  inner 
equivalence  ratio  is  increased. 

The  introduction  of  buoyancy  increases  the 
unbumed  carbon  and  hydrogen  loss  from  the 
domain,  since  the  higher  advection  under  nor¬ 
mal  gravity  reduces  the  residence  time  available 
for  complete  combustion  of  the  intermediate 
fuels  CO  and  H2.  Therefore,  at  1  g  the  percent¬ 
age  of  carbon  advection  at  a  150  mm  height 
approximately  varies  between  0.01%  (for  the 
Fair  =  cin/s,  Freac  =  20  cm/s,  (}>  =  2.0  flame) 
to  0.4%  (for  the  Fair  “  30  cm/s,  Freac  =  30  cm/s, 
(f>  -  2.0  flame).  The  corresponding  range  for  the 
zero-gravity  flames  is  lower  by  almost  one  order 
of  magnitude,  lying  between.  0.003-0.06%.  The 
analogous  bounds  for  the  fractional  unbumed 
H-atom  loss  lies  between  approximately  0.004- 
0.07%  for  the  1-g  flames,  and  between  0.001- 
0.01%  for  the  0-g  flames.  The  1-g  flames  have 
more  vigorous  reaction  at  the  tips  of  the  outer 
nonpremixed  reaction  zone  which  tends  to  de¬ 
crease  the  unbumed  C-  and  H-atom  losses. 
However,  the  enhanced  advection  in  the  pres¬ 
ence  of  gravity  dominates  and,  consequently, 
leads  to  higher  CO  and  H2  emissions  than  at  0  g. 

Finally,  we  address  the  issue  of  thermal  radi¬ 
ation.  The  radiative  cooling  time  for  a  gas¬ 
eous  volume  initially  at  the  adiabatic  flame 
temperature  Tf  can  be  estimated  as  -  Tf/ 
(dT/dt)  ^  Tfl{qlpCp),  where  ^  denotes  the  heat 
loss  rate,  p  the  density,  and  Cp  the  constant 
pressure  specific  heat  [33].  Using  the  optically 
thin  gas  assumption,  q  ==  [4crflp(7^  -  To)] 
(where  cr  represents  the  Stefan-Boltzmann  con¬ 
stant,  Up  the  Planck  mean  absorption  coeffi¬ 
cient,  and  Tq  the  ambient  temperature)  and  the 
ideal  gas  state  relationship,  can  be  expressed 
in  the  form  «  {7/(7  “  \)}PI{A(jap{Tf  - 
Tq)},  where  7  denotes  the  specific  heat  ratio, 
and  P  the  ambient  pressure.  Assuming  atmo¬ 
spheric  conditions,  Up  =  56  cm”S  7  =  1.35, 
Tq  -  298  K,  and  the  “flame”  temperatures  in 
typical  methane-air  partially  premixed  flames 
to  vary  from  1650  K  in  the  inner  prembced 
reaction  zone  to  2200  K  in  the  outer  nonpre¬ 
mixed  region,  the  corresponding  values  lie  in 
the  range  0.3-0.09  s. 

The  diffusive  time  scale  =  6^/a  represents 
the  molecular  transport  of  species  or  thermal 
energy  across  a  region  of  tlfickness  8,  with  a 
denoting  a  temperature-averaged  (mass  or  ther¬ 


mal)  diffusivity.  The  buoyant  transport  time 
scale  ^  L/Uij.  Here,  L  represents  a  charac¬ 
teristic  length,  and  ^  [gL(Ap/p)]^^^  is  the 
buoyancy-induced  velocity,  with  g  denoting  the 
gravitational  acceleration,  p  density,  and  Ap  the 
density  change  across  the  flamefront.  For 
flames  Ap/p  1  with  the  result  that  ^ 
[33]. 

We  assume  representative  values  for  a  and  g, 
respectively  equal  to  1.5  cm^  s“^  and  980  cm  s”^ 
[33].  For  typical  characteristic  length  scales  in 
the  range  1-10  cm,  varies  from  0.03-0.1  s. 
For  to  lie  within  these  bounds,  the  transport 
region  must  be  2  to  4  mm  thick.  This  thickness 
depends  on  the  level  of  partial  premixing  and 
the  velocities  of  the  reactant  streams.  There¬ 
fore,  if  the  transport  zone  thickness  exceeds  4 
mm  (as  is  the  norm  in  the  slot  burner  flames 
that  we  have  investigated),  gravitational  effects- 
overwhelm  transport  effects,  since  This 

is  clearly  illustrated  in  the  comparisons  between 
1-  and  0-g  flames  contained  in  Figs.  3-7. 

For  typical  characteristic  length  scales  in  the 
range  1-10  cm,  varies  from  0.03-0.1  s. 
Hence,  radiation  effects  may  be  relatively  unim¬ 
portant  at  normal  gravity,  since  buoyant  convec¬ 
tion  is  a  faster  process.  On  the  contrary,  under 
microgravity  conditions  at  which  is  suffi¬ 
ciently  large,  radiation  effects  are  expected  to 
be  more  significant.  Therefore,  future  studies 
should  address  the  issue  of  thermal  radiation 
from  these  flames,  particularly  since  heat  losses 
should  further  weaken  the  0-g  outer  reaction 
zone  tip. 

CONCLUSIONS 

We  have  presented  the  results  of  a  numerical 
investigation  of  two-dimensional  partially  pre¬ 
mixed  methane-air  flames  established  tinder 
both  normal-  and  zero-gravity.  The  computa¬ 
tional  model  has  been  previously  validated. 
Further  validation  is  obtained  by  comparing  the 
experimentally  obtained  chemiluminescent 
emission  due  to  excited-C^  free  radical  species 
with  the  simulated  heat  release  for  a  represen¬ 
tative  flame. 

1.  The  structure  of  a  near-unity  Froude  number 
flame  is  discussed.  Combustion  occurs  in  two 
reaction  zones,  one  an  inner  premixed  flame 
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and  the  other  an  outer  nonpremixed  flame. 
The  reaction  and  heat  release  rates  are  much 
weaker  at  the  tip  of  the  outer  flame  than  at 
its  base.  The  inner  premixed  flame  has  com¬ 
parable  reaction  and  heat  release  rates  at 
both  its  tip  and  base. 

2.  The  premixed  flame  requires  H-atoms  for 
CH4  and  O2  consumption,  and  produces  CO 
and  H2  (which  provide  the  “fuel”  for  the 
nonpremixed  flame).  The  nonpremixed 
flame  consumes  these  products  and,  in  turn, 
produces  H-atoms  that  are  transported  back 
into  the  inner  region. 

3.  The  zero-gravity  flame  is  spatially  larger  than 
the  corresponding  normal-gravity  flame. 
While  the  spatial  characteristics  of  the  inner 
premixed  region  are  relatively  unaffected  by 
gravitational  effects,  the  outer  nonpremixed 
zones  exhibit  significant  differences.  More 
air  is  advected  into  the  outer  reaction  zone  in 
the  presence  of  gravity.  Consequently,  the 
outer  flame  is  thicker  for  the  0-g  case,  since 
the  role  of  radial  diffusive  transport  is  rela¬ 
tively  enhanced.  While  buoyancy  effects  sig¬ 
nificantly  influence  advection,  gravity  has  a 
small  effect  on  the  absolute  values  of  the 
species’  diffusive  fluxes. 

4.  The  inner  reaction  zone  is  strained  at  the 
centerline,  whereas  the  outer  zone  experi¬ 
ences  negligible  strain  and  this  lower  strain 
rate  allows  a  double-flame  structure  to  exist. 
The  absence  of  gravity  decreases  the  local 
value  of  the  normal  strain  rate  allowing  for  fur¬ 
ther  spatial  separation  of  the  two  reaction  zones. 

5.  The  presence  of  gravity  reduces  the  spatial 
separation  (and  thereby  enhances  the  inter¬ 
actions)  between  the  inner  and  outer  reac¬ 
tion  zones.  The  outer  reaction  zones  are 
more  compact,  taller,  and  exhibit  more  vig¬ 
orous  reaction  at  their  tips  at  1-g  than  at 
zero-gravity. 

6.  The  presence  of  buoyancy  significantly  influ¬ 
ences  the  region  downstream  of  the  inner 
reaction  zone.  Consequently,  the  inner  (rich- 
side)  reaction  zone  shifts  slightly  toward  less- 
rich  locations  in  the  presence  of  gravity.  The 
two-dimensional  flame  is  characterized  by  a 
multiplicity  of  local  aerodynamic  strain  rates. 
As  this  rate  increases,  the  inner  rich-side 
reaction  zone  moves  closer  in  mixture  frac¬ 
tion  space  to  the  lean  outer  reaction  zone. 


7.  Buoyancy  effects  increase  the  advection, 
thereby  reducing  the  residence  time  available 
for  the  oxidation  of  CO  and  H2.  Conse¬ 
quently,  there  is  a  larger  loss  of  unbumed  C- 
and  H-atoms  from  the  1-g  flames  than  in  the 
absence  of  gravity.  Although  the  1-g  flames 
involve  more  vigorous  reaction  at  their  tips 
(which  would  decrease  the  unbumed  C-  and 
H-atom  losses),  the  enhanced  advection 
dominates  and  leads  to  higher  CO  and  H2 
emissions  than  at  zero-gravity. 
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ABSTRACT 

An  attempt  is  made  to  predict  the  lifting  limit  of  an 
axisymmetric  laminar  methane  jet  difftision  flame. 
Computations  for  solving  the  time-dependent  full  Navier- 
Stokes  equations  with  buoyancy  were  perfonned  using  an 
implicit,  third-order  accurate  numerical  scheme  and  a 
semi^etailed  C2-chemistry  model.  The  calculated 
standoff  distance  of  the  flame  base  prior  to  lifting  was 
comparable  to  that  experimentally  observed.  As  the  mean 
co-flow  air  velocity  was  increased  at  a  fixed  fuel  jet 
velocity  toward  a  lifting  limit,  the  reaction  kernel  (p^ 
reactivity  spot)  in  the  flame  base  broadened  and  shifted  to 
a  new  stabilizing  point  downstream,  where  a  higher 
reactivity  could  be  obtained  to  sustain  combustion  against 
a  higher  incoming  flow  velocity.  The  reactivity 
augmentation  is  due  to  a  ‘Islowing  effect,”  which  caused 
enhanced  convective  and  diffusive  fluxes  of  oxygen  into 
the  reaction  kernel,  while  maintaining  the  reaction  kernel 
temperature  (-1550  K)  and  equivalence  ratio  (*^.5)  at 
nearly  constant  levels.  A  novel  hypothesis  for  the  flame 
stabilizing  mechanism  is  proposed:  that  a  flame  lifts  or 
blows  off  if  the  total  oxygen  flux  feeding  into  the  reaction 
kernel  exceeds  a  limit  that  the  reaction  kernel  can 
consume  by  oxidation  reactions. 

INTRODUCTION 

The  stability  of  diffusion  flames  has  long  been  a 
fundamental  and  practical  research  subject  in  combustion 
[1-13].  Local  flame-flow  phenomena,  including  transport 
processes  and  chemical  reactions  around  the  flame  base, 
control  the  flame  stabilizing  mechanism.  Therefore,  to 
gain  in-depth  understanding  of  the  subject,  detailed  flame- 
base  structure  resulting  from  the  transport  and  reaction 
processes  must  be  revealed.  Unfortunately,  previous 
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investigations  of  the  flame-base  structure  and  behavior, 
including  experiments  [3,  5,  8]  and  theories  [14-16], 
generally  suffered  from  the  lack  of  detailed  information, 
particularly  on  radicals.  Diagnostic  techniques  available 
to  measure  various  species  in  a  small  flame-stabilizing 
region  are  linuted,  and  theories  generally  ignore  radical 
species.  As  a  result  of  recent  advances  in  computational 
capabilities  and  chemistry  models,  a  numerical  approach 
seems  most  promising  to  obtain  comprehensive 
information  on  the  flame  structure. 

In  previous  papers  [17,  18],  the  chemical  kinetic 
structure  of  the  flame  stabilizing  region  of  methane 
diffusion  flames  and  the  role  of  chemistry  models  were 
reported.  In  this  paper,  the  effect  of  co-flow  air  velocity 
on  a  near-lifting-limit  flame  was  investigated  to  reveal  the 
flame  stabilizing  mechanisn^ 

NUMERICAL  METHODS 

The  numerical  code  (UNICORN)  used  in  this  study 
was  developed  by  Katta  et  al.  [19]  and  validated  against 
measurements  and  flow  visualization  of  various  diffiision 
and  premixed  flame  phenomena;  i.e.,  unsteaefy 
characteristics,  extinction,  and  ignition  [20, 21].  The  code 
has  also  been  used  in  numerical  experiments  on  vortex- 
flame  interactions  and  attachment  mechanisms  of 
methane  jet  diffusion  flames  [17,  18,  22,  23].  Time- 
dependent  governing  equations,  expressed  in  cylindrical 
coordinates,  consist  of  mass  continuity,  axial  and  radial 
full  Navier-Stokes  momentum  conservation,  energy 
conservation,  and  species  conservation  equations  with  tiie 
ideal-gas  equation  of  state.  A  body-force  term  caused  by 
the  gravitational  field  is  included  in  the  axial  momentum 
equation.  The  momentum  equations  are  integrated  using 
an  implicit  QUICKEST  numerical  scheme  [19],  which  is 
third-order  accurate  in  both  space  and  time  and  has  a  very 
low  numerical-diffusion  error.  The  finite-difference  form 
of  the  species  and  enthalpy  is  obtained  using  the  hybrid 
scheme  with  upwind  and  central  differencing.  The 
coefficients  of  viscosity,  thermal  conductivity,  and 
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diffusion  are  estimated  using  molecular  dynamics  and 
mixture  rules  [24].  The  enthalpy  of  each  species  is 
calculated  from  polynomial  curve-fits  using  the 
CHEMKIN  libraries. 

The  semi-detailed  chemistry  model  [25]  for  24 
species  and  81  elementary  steps  is  used.  Arrhenius 
parameters  for  die  reaction  CHj  +  H  ->  CH4  are  replaced 
with  those  by  Wamatz  [26].  Otherwise,  the  extinction 
limit  of  counterflow  diffusion  flames  was  predicted  at  a 
significantly  lower  strain  rate  [27]  compared  to  diat 
determined  experimentally  by  Sung  et  al.  [28],  and  the  jet 
diffusion  flames  under  consideration  prematurely  lifted 
off  under  conditions  below  the  stability  limit  obtained 
experimentally  [12]. 

The  computational  domain  of  150  x  60  mm  in  the 
axial  (x)  x  radial  (r)  directions  is  represented  by  a  mesh 
system  of  up  to  371  x  101  with  clustered  grid  lines  near 
the  jet  exit  and  a  minimum  ^cing  of  0.05  mm.  The 
inner  diameter  (d  -  9.5  mm)  and  lip  thickness  (0.25  mm) 
of  the  fuel  tube  are  close  to  those  used  in  die  previous 
experiments  [12].  The  fuel  tube  exit  plane  is  placed  10 
mm  from  the  inflow  boundary.  The  fully  developed  pipe 
flow  in  the  fuel  tube  and  boundary  layer  velocity  profiles 
outside  the  burner  tube  arc  used  Several  cases  with 
various  mean  co-flow  air  velocities  (£/J  at  a  constant 
mean  jet  velocity  {U)  are  simulated  to  approach  the  lifhng 
limit  [12].  The  initial  and  boundary  conditions  for  die 
axial  (LO  and  radial  {V)  velocities  and  species  and  energy 
at  different  flow  boundaries  are  the  same  as  the  previous 
woric  [17].  The  outer  boundaries  of  the  computational 
domain  are  shifted  sufficiendy  far  enough  to  minimize  die 
propagation  of  disturbances  into  the  region  of  interest 
No-sIip  boundary  conditions  are  enforced  along  die 
burner  walls.  An  extrapolation  procedure  with  weighted 
zero-  and  first-order  terms  is  u^  to  estimate  the  flow 
variables  on  the  outflow  boundary. 

RESULTS  AND  DISCUSSION 

Figure  1  shows  die  two-color  particle  image 
velocimetry  (PIV)  photographs  of  the  stabilizing  region  of 
near-lifting  and  lif^  methane  jet  diffusion  flames.  The 
burner  system  and  the  PIV  technique  used  is  described 
elsewhere  [12, 17].  Submicron  particles  were  illuminated 
by  a  sheet  of  green  and  red  pulsed  (10  ns)  lasers  with  a 
known  time  delay.  The  high  number-density  cold  airflow, 
a  low  number-density  hot  zone  around  the  flame,  and  the 
jet-extemal  dividing  streamline  were  visualized.  A  time- 
exposure  (1/30  s)  image  of  the  blue  flame  zone  was  also 
recorded  in  the  photographs.  As  the  lifting  condition 
approached  (Figs,  la  to  lb),  the  flame  base  shifted 
gradually  away  fiom  the  burner  rim  a  few  millimeters. 
The  outer  cold  air  was  entrained  into  the  fuel  jet  through 
the  dark  space  between  the  flame  base  and  the  rim.  Thus, 
the  flame  base  (Fig.  lb)  was  thermally  disconnected  from 
the  burner  wall,  and  the  effect  of  heat  losses  to  the  burner 


wall  vanished  before  lifting.  After  lifting,  the  flame  base 
was  stabilized  a  few  jet  diameters  downstream.  No  sign 
of  wings  of  the  triple  flame  structure  [11,  14, 16,  29]  was 
observed  at  the  base  of  methane  diffusion  flames  as 
reported  by  Chung  [1 1]. 

Figure  2  shows  the  experimental  result  [12]  of  a 
stability-limit  curve  and  the  lift-off  height  (hi)  at  the 
lifting  limit  The  critical  mean  jet  velocity  at  the  stability 
limit  decreased  monotonously  as  the  mean  co-flow  air 
velocity  increased,  except  for  low  air  velocity  conditions 
(U,  <0.1  m/s)  under  which  the  outer  air  tube  (26.9  mm 
i.d,)  blocked  free  air  entrainment  The  minimum  lift-off 
height  was  in  the  range  of  0.2  <U^<  0.4  m/s. 

Figure  3  shows  the  computational  results  of  the 
structure  of  the  flame  base  under  a  near-lifting  condition 
(t/,  =  0.8  m/s  and  Uj-  IJ  m/s).  Figure  3a  shows  the 
calculated  velocity  vectors  (v),  isotherms  (7),  and 
oxygen  mole  fraction  (A^  contours.  The  flame  base 
resided  farther  downstream  (-10  mm)  from  die  jet  exit, 
compared  to  the  case  previously  reported  (-4  mm)  for  C4 
=  0.72  m/s  at  the  same  using  the  same  Cj-chemistiy 
model  [18].  The  flame  base  is  anchored  in  a  relative^ 
low-velocity  wake  region  formed  by  the  boundary  layers 
along  the  burner  walls.  The  velocity  vectors  and  the 
oxygen  mole  firaction  contours  show  air  penetration  onto 
the  fuel  side  of  the  flame.  As  a  result,  a  relatively  Mgh 
oxygen  concentration  zone  surrounds  die  flame  base. 

Figure  3b  shows  a  close-up  view  of  die  flame 
stabilizing  region,  including  Ae  velocity  vectors, 
isotherms,  and  heat-release  rate  (q)  contours.  The  heat- 
release  rate  contours  show  that  the  reaction  kernel 
(higjiest  reactivity  spot)  at  the  flame  base  was  firther 
broadened  outwa^y,  compared  to  the  lower  air  velocity 
case  previously  studied  [18],  The  velocity  vectors  show 
the  lateral  expansion  of  stream  tubes  as  well  as  die 
longitudinal  acceleration  as  the  flow  approached  the  hot 
zone  around  the  flame  base  due  to  thermal  expansion  of 
gases  and  the  pressure  field  deformatioa 

Figure  3c  shows  the  calculated  total  molar  flux 

vectors  of  methane  (A/CH4)  molecular  oxygen 

(  A/qj  )»  including  both  diffusion  and  convection  terms, 

contours  of  the  equivalence  ratio  (^,  and  the  oxygen 
consumption  rate  equivalence  ratio  was 

determined  from  the  fuel  and  oxygen  molar  fluxes,  thus 
including"  the  dynamic  effects  of  both  convection  and 
diffusion.  The  equivalence  ratio  based  on  the  fluxes 
differed  from  that  based  on  the  mole  fractions,  particularly 
in  the  region  near  the  reaction  kernel,  which  is  a  strong 
sink  of  the  reactants. 

Although  the  partial  premixing  of  the  fuel  and 
oxygen  in  the  dark  space  progressed  further  compared  to 
the  lower  air  velocity  case  [18],  the  thickness  of  the 
mixing  layer  within  the  flammability  limits  (0.5  <  ^  <1.7) 
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was  --0.8  mm,  just  below  the  reaction  kernel,  which  was 
still  less  than  half  the  minimum  quenching  distance  of 
2.2  mm  [1].  Thus,  the  mixing  layer  was  too  narrow  for  an 
ordinary  premixed  flame  to  propagate  through  at  the 
laminar  burning  velocity.  More  importantly,  the  reaction 
kernel  was  more  under  fuel-lean  conditions  and  the  peak 
reactivity  was  obtained  at  ^  «  0.5,  unlike  the  ordinary 
premixed  flames  that  have  the  maximum  burning  velocity 
at  ^  «  1.  Therefore,  the  reaction  kernel  structure  is 
different  from  the  ordinary  premixed  flame  or  the  fuel- 
lean  branch  of  the  triple-flame  structure  [11, 14, 16, 29]. 

Figure  3d  shows  the  calculated  total  molar  flux 
vectors  of  atomic  hydrogen  (Mu),  the  mole  fraction  of 
molecular  oxygen,  and  the  rate  of. water  vapor  production 
(^Hjo)'  Hydrogen  atoms  diffused  downward  in  every 
direction  into  high  oxygen  concentration  region  around 
the  reaction  kernel,  inducing  the  most  important  chain 
branching  reaction  H  +  Oj  OH  +  O.  Other  radical 
species  (OH,  0,  and  CHj,  etc.)  also  back-diffused  against 
the  convective  oxidizing  flow,  reacted  with  each  other  and 
widi  oxygen,  broadened  the  reaction  zone,  and  increased 
the  global  reaction  rates  even  at  relatively  low 
temperatures  (<1600  K). 

Figure  4  shows  the  effects  of  the  mean  air  velocity  on 
the  reaction  kernel  coordinates  (x^,  yO  at  die  heat-release 
rate  peak  and  axial  and  radial  velocity  components  (U^ 
FJ,  including  the  previous  results  (Ci-chemistry)  [17]  as 
weU  as  the  current  results  (Cj-chemistry).  As  the  mean  air 
velocity  was  increased,  the  axial  coordinate  (standoff 
distance)  of  the  reaction  kernel  increased  dramatically, 
while  the  radial  distance  maintained  nearly  constant 
(Fig.  4a).  The  C^-chemistry  model  resulted  in  a  longer 
standoff  distance  as  previously  reported  [18].  The 
computational  results  matched  very  well  with  the 
experimental  observation  of  the  (visible)  flame  base 
location  and  the  lifting  limit  data  (t/,  =  0.76  m/s  and  = 
1.7  m/s  [12],  see  Fig.  I).  The  axial  velocity  component  of 
the  incoming  flow  into  the  reaction  kernel  also  increased 
rapidly,  while  the  magnitude  of  the  radial  velocity 
component  approached  zero  (vertical  flow  direction)  (Fig. 
4b).  The  current  C2-chemistry  model  results  almost 
perfectly  matched  the  previous  C, -chemistry  results. 

In  the  previous  paper  [17],  heuristic  correlations  valid 
for  both  jet-  and  flat-plate  diffusion  flames  were  obtained 
between  the  peak  heat-release  rate,  or  oxygen 
consumption  rate,  and  the  total  velocity  at  the  reaction 
kernel.  The  reaction  kernel  correlations  demonstrated  that 
the  baseline  mechanism  responsible  for  flame  stabilization 
and  attachment  was  identical  for  both  types  of  diffusion 
flames.  Figure  5  shows  the  reaction  kernel  correlation 
plot,  temperature  and  equivalence  ratio,  including  the 
points  for  various  f/,  at  L/j  -  1.7  m/s  only.  Both  peak 
heat-release  rate  and  the  oxygen  consumption  rate 
increased  almost  linearly  with  the  magnitude  of  the 


velocity  at  each  peak  location  in  the  reaction  kernel  (Fig. 
5a).  Thus,  the  reaction  kernel  shifted  to  a  new  stabilizing 
point  downstream,  where  a  higher  reactivity  could  be 
obtained  and  withstood  a  higher  incoming  flow  velocity. 
The  reactivity  augmentation  was  due  to  increased 
diffusive  and  convective  oxygen  fluxes  into  the  reaction 
kernel  caused  by  “blowing.”  As  the  incoming  velocity 
was  increased,  the  slopes  (gJ\v\  or  of  ^ 

curves  became  somewhat  smaller,  while  the  reaction 
kernel  temperatures  and  equivalence  ratios  at  both  q  and  - 

peaks  remained  nearly  constant  in  the  ranges  of  1500- 

1600  K  and  0.5-0.6,  respectively  (Fig.  5b).  Thus,  the 
incoming  velocity  tended  to  increase  faster  than  the 
reactivity  increase  toward  lifting. 

CONCXUSIONS 

Computations  of  laminar  methane  jet  diffusion 
flames  revealed  the  flame  structure  and  behavior  of  the 
reaction  kernel  (highest  reactivity  [q,  and 

spot)  in  response  to  an  increase  in  the  co-flow  air  velocity. 
The  simulated  reaction  kernel  shifted  away  from  the  jet 
exit,  matching  qualitative  and  quantitative  experimental 
observations  under  conditions  toward  the  lifting  limit  At 
a  downstream  location,  the  reaction  kernel  sustained 
combustion  under  a  higher  incoming  flow  velocity  as  a 
result  of  a  higher  reactivi^,  \^le  the  reaction  kernel 
temperature  (150G-  1600  K)  and  equivalence  ratio  (OJ- 
0.6)  remained  nearly  constant  during  tiie  shifting.  The 
conelations  between  the  heat-release  rate  or  oxygen 
consumption  rate  vs.  the  total  velocity  at  the  reaction 
kernel  indicated  that  the  increasing  rate  of  the  incoming 
flow  velocity  exceeded  that  of  the  reactivity.  This  new 
fmding  leads  to  a  hypothesis  that  lifting  occurs  if  tiie 
fluxes  of  reactants  exceed  a  limit  beyond  which  the 
reaction  kernel  cannot  consume  them.  Consequently,  the 
reaction  kernel  can  no  longer  find  a  new  stationary 
stabilizing  location  downstream,  and  the  trailing  flame 
drifts  away  downstream,  eventually  leading  to  lift  or 
blow-off. 
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'20  mJ/polse;  pulse  wMth:  1$  time  delay:  70  ps;  and  sheet  tihickness:  -0.5  mm.  Exposure  time:  1/50  s.  Seed  particles:  zirconia  (<1  pm, 
/,  =  036  m/s.  (a)  £/j  *■  6.7  M/S,  (b)  l]\  *  7.S  m/s,  (c)  t/j  =  7,6  m/s. 


Fig.  2  Experimental  stability  limit  and  lift-off  height  {12], 
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Fig.  3.  Distnbotions  of  several  computi^  variabtes  m  die  stabilmng  n^on  of  a  nu^baiie^  diffusion  flame,  (a)  Tempeirannre, 

oxygen  ccHic^lration  and  velocity  fieid,  (b)  teni|>eratiiie,  release  tale  and  velocity  ^ld»  (c)  molar  flux  vectors  of  n^thai^  and 
oxygen,  oxygen  coi^umption  rale  ami  equivakr^  ii^o  based  on  fuel  and  oxygen  fluxes,  a:^  (d)  modiK^tion  rale  of  water  vapor, 
oxygen  concenin^on  and  molar  flux  vectors  of  atmnic  hydrogen 
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Abstract :  This  paper  describes  how  visualizations  have  been  used  in  the  development  and  evaluation  of 
a  reacting-flow-simulation  model  known  as  UNICORN  (UNsteady  Ignition  and  COmbustion  with 
ReactioNs).  UNICORN,  which  solves  full  Navier-Stokes  equations,  has  evolved  over  a  6-year  period  and 
is  perhaps  one  of  the  most  thoroughly  evaluated  codes  of  its  kind.  It  evolved  hand-in-hand  with 
experiments  that  have  been  conducted  to  test  its  ability  to  predict  ignition,  extinction,  and  the  dynamic 
characteristics  of  diffusion  and  premixed  flames  of  hydrogen,  methane,  and  propane  fuels  and  that  are 
stabilized  in  different  ways.  This  paper  also  describes  how  UNICORN  has  been  used,  in  conjunction 
with  experiments,  to  provide  new  insights  into  combusting  flows.  Also,  predictions  of  unobserved 
phenomena  that  were  later  confirmed  by  experiments  are  described.  This  paper  demonstrates  that  the 
judicious  use  of  a  well-validated  simulation  in  conjunction  with  laser  based  diagnostics  is  an  effective 
way  of  understanding  complex  combusting  flows. 

Keywordsi  vortices,  visualization,  flames,  combustion,  laser  diagnostics,  turbulence. 


1.  Introduction 

Studies  of  jet  diffusion  flames  are  important  in  understanding  combustion  phenomena,  developing  theories  of 
combusting  processes,  and  developing  and  evaluating  design  codes  for  practical  combustion  systems.  Because  of 
this,  jet  flames  have  been  actively  investigated  since  the  classic  works  of  Hottel  et  al.  (1949).  Considerable  data  on 
statistical  quantities  such  as  time-averaged  and  root  mean  squared  (rms)  values  of  velocity,  temperature,  and 
species  concentrations  have  been  obtained  with  single  point  measurement  techniques.  These  data  have  formed  the 
bases  for  understanding  many  of  the  processes  occurring  in  jet  diffusion  flames.  However,  such  underst^ding  has 
limited  applications  for  engineering  problems  because  of  the  time-averaged  description  of  the  underlying  unsteady 
combustion  processes.  In  many  cases,  the  mean  and  fluctuating  quantities  can  mask  the  physics  and  chemistry  that 
are  germane  to  an  understanding  of  the  fundamental  processes  that  give  rise  to  the  statistical  results.  This  is 
particularly  true  for  laminar  and  near-transitional  jet  flames  in  which  the  large-scale,  low-frequency  (0-40  Hz), 
organized,  and  absolutely  unstable  buoyancy-induced  vortices  on  the  air  side  of  the  flame  and  medium-frequency 
(100-1000  Hz),  Kelvin-Helmholtz-type  vortex  structures  on  the  fuel  side  of  the  flame  dominate  the  flame 
characteristics.  For  example,  high-speed  visualizations  of  a  buoyant  jet  diffusion  flame  have  revealed  that  the 
flame  surface  is  actually  wrinkled  as  a  result  of  the  interaction  of  vortices,  while  time-averaged  visualizations 
indicate  a  smooth  surface.  To  gain  insight  into  these  low-  and  medium-frequency  dynamic  processes,  it  is 
helpful  ”  and,  perhaps,  essential  -  to  think  in  terms  of  the  time-dependent  characteristics  of  jet  flames. 

Several  numerical  investigations  made  in  the  past  for  dynamic  jet  flames  using  conserved-scalar  approach, 
global-chemistry  and  detailed  chemistry  models  have  revealed  important  aspects  of  combustion  such  as  effect  of 
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heat-release  rate  (Ellzey  et  ah,  1989;  Yamashita  et  aL,  1990).  role  of  buoyancy  (Davis  et  a!.,  1991;  Katta  and 
Roquemore,  1993;  Patnaik  and  Kailasanath,  1994),  enhancement  of  soot  formation  (Kaplan  et  ai.,  1996),  and 
Lewis-number  effects  (Katta  et  al.,  1994a;  Takagi  and  Xu,  1994  ;  Takagi  et  aL,  1996).  However,  most  of  these 
studies,  involving  finite-rate  chemistry,  aie  limited  to  hydrogen  fuel  as  the  kinetic  models  for  this  fuel  arc  relatively 
simple.  Because  of  the  complex  nature  of  the  reaction  mechanisms,  flame  calculations  for  hydrocarbon  tuels  are 
restricted  to  either  steady-state  problems  or  chemically  lazy  flames  in  which  chemistry  is  not  important. 
Simulation  of  dynamic  hydrocarbon  flames  with  sufficiently  accurate  models  for  physical  and  chemical  processes 
is  required  ibr  understanding  ignition,  blow-out,  instabilities,  and  emissions. 

The  authors  have  been  developing  a  time-accurate  CFDC  (computational  Fluid  Dynamics  with  Chemistry) 
code  (Katta  et  aL,  1994a,  1994b,  1994c)  known  as  UNICORN  (UNsteady  Ignition  and  COmbustion  with 
ReactioNs)  for  the  past  six  years.  UNICORN  is  continuing  to  be  developed  as  a  research  tool  to  better  understand 
the  dynamic  characteristics  of  flames  and  as  a  future  design  tool  for  combustion  systems.  From  its  conception,  the 
development  of  UNICORN  has  been  strongly  coupled  with  experiments  that  are  designed:  to  evaluate  the 
chemistry  and  transport  models  used  In  the  code  and  to  challenge  its  ability  to  predict  complex  dynamic 
characteristics  of  combusting  flows.  Because  of  the  strong  coupling  with  experiments,  UNICORN  is  perhaps  one 
of  the  most  thoroughly  evaluated  Navier-Stokes  based  codes  that  have  been  developed.  Visualizations  have  been 
used  extensively  in  the  development  of  UNICORN  and  in  providing  insights  into  the  different  combusting  flows 
that  have  been  studied.  A  simple  view  of  the  approach  used  to  develop  UNICORN  is  illustrated  by  the  flame 
visualization  in  Fig.  1,  The  idea  was  to  start  the  development  of  UNICORN  by  trying  to  predict  the  steady  and 
dynamic  characteristics  of  simple  laminar  like  flames  such  as  illustrated  in  Fig.  1(a),  and  then  progress  in  a 
methodical  way  to  the  more  complex  flames  illustrated  in  Figs.  1(b)  and  1(c).  This  approach  has  proven  to  be 
extremely  useful  in  systematically  identifying  and  correcting  deficiencies  in  the  models  used  in  UNICORN,  It  has 
also  been  demonstrated  the  power  of  using  computations  and  experiments  in  concert  to  better  understand  both 
diffusion  and  premixed  combustion  flows.  Indeed,  UNICORN  has  evolved  to  the  point  where  it  has  correctly 
predicted  unknown  combustion  phenomena  that  were  later  confirmed  experimentally.  This  paper  illustrates  the 
role  of  visualizations  in  the  development  of  UNICORN  and  describes  some  of  ilie  insights  into  combustion 
prcKCsses  that  have  resulted  from  the  combined  use  of  experimental  and  computational  visualization  methods. 


I^inar  Transitional  Near  Turbulent 


ri 


(a)  0) 

Fig.  1 ,  Verticaiiy  mounted  jet  diffusion  flame  for  different  jet  velocity  conditions:  (a)  low-speed,  laminar 
flame;  (b)  medium-speed,  transitional  flame;  (c)  high-speed,  turbulent  flame. 
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2.  Model  Description 

UNICORN  is  a  time-dependent,  axisymmetric  mathematical  model  that  solves  for  axial-  and  radial-momentum 
equations,  continuity,  and  enthalpy-  and  species-conservation  equations  to  simulate  a  variety  of  dynamic  jet 
flames.  The  governing  equations,  written  in  the  cylindrical-coordinate  system,  are  as  follows: 

dp  ^  dpu  ^  ia(rpv)_Q 
dt  dz  r  dr 

and 


d(p0)  ^  d(pu0)  ^  1  d{rpv0) 
dt  dz  r  dr 


dz 


dz 


rdr 


rV 


dr 


(2) 


Table  1 .  Transport  coefficients  and  source  terms  appearing  in  governing  equations. 
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Here  p  represents  density;  u  and  v  are  the  axial  and  radial  components  of  the  velocity  vector,  respectively;  and  p  is 
pressure.  The  general  form  of  Eq.  2  represents  the  momentum,  the  species,  or  the  energy-conservation  equation, 
depending  on  the  variable  used  in  place  of  0,  In  Table  1 ,  the  transport  coefficients  and  the  source  terms  S'^  that 
appear  in  the  governing  equations  are  given.  The  body-force  term  due  to  the  gravitational  field  is  included  in  the 
axial-momentum  equation.  Here  p,  A,  and  Cp  are  the  viscosity,  thermal  conductivity,  and  specific  heat  of  the  mix¬ 
ture,  respectively;  7.-  is  the  mass  fraction;  Hi  is  the  enthalpy;  is  the  heat  of  formation  at  standard  state 
(temperature  To);  and  (Oi  is  the  mass-production  rate  of  the  f'  species;  po  is  the  density  of  air;  and  g  is  the 
gravitational  acceleration.  The  transport  property  Dim  is  the  effective  diffusion  coefficient  of  the  species,  which 
is  calculated  from  the  binary  diffusion  coefficients  between  that  species  and  the  other  individual  species.  Finally, 
Lci  is  the  Lewis  number  of  the  f*  species,  which  is  defined  as 


Le,  =- 


(3) 


The  set  of  expressions  given  by  Eqs.  1  and  2  can  be  completed  using  the  global-species-conservation 
equation 


N-\ 


(4) 


and  the  state  equation 

P=PTRo'L 


vMv 


(5) 
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where  Ro  is  the  universal  gas  constant;  T  is  the  temperature;  and  Y>  and  M,  are  the  mass  fraction  and  ^ 

weight  of  the  f  species,  respectively.  While  density  is  obtained  by  solving  the  state  Eq.  5,  the  pressure  fie  at 
every  time  step  is  determined  from  pressure  Poisson  equations.  Even  though  the  governing  equations  are  solved  m 
an  uncoupled  manner,  the  species-conservation  equations  are  coupled  through  the  source  terms  during  the  so  uhon 
process  to  improve  the  stability  of  the  algorithm.  Such  coupling  is  essential  in  finite-rate-chermstry  calculaUons 
since  the  high-reaction-rate  terms  make  the  species-conservation  equations  quite  stiff.  Temperature-  and  species- 
dependent  thermodynamic  and  transport  properties  are  used  in  this  formulation. 

The  governing  equations  for  u  and  v  momentum  are  integrated  using  an  implicit  QUICKEST  (Quadratic 
Upstream  Interpolation  for  Convective  Kinematics  with  Estimated  Streaming  Terms)  numerical  scheme  (Katta  et 
al,  1994b;  Leonard,  1979),  which  is  third-order  accurate  in  both  space  and  time  and  has  a  very  low  numenca - 
diksion  OTor.  On  the  other  hand,  the  finite-difference  forms  of  the  species  and  enthalpy  equations  are  ob^ned 
using  the  hybrid  scheme  (Spalding,  1972)  with  upwind  and  central  differencing.  An  orthogonal,  staggered-^d 
system  with  rapidly  expanding  cell  sizes  in  both  the  z  and  the  r  directions  is  utilized  for  discretizing  the  govermng 
equations.  After  rearrangement  of  terms,  the  finite-difference  form  of  the  governing  equation  for  the  vanable  O  at 
a  grid  point  P  can  be  written  as  an  algebraic  equation  as  follows: 


-t-A„0 


+  A  +  A  +  A  +  A 


'+A,^ 


w+i 


+  A  +  A  =  S®  +At.p,^l 


(6) 


The  time  increment,  Ar,  is  determined  from  the  stability  constraint  and  maintained  as  a  constant  dunng  the  entire 
calculation.  The  superscripts  N  and  A+l  represent  the  known  variables  at  the  Af*  time  step  and  the  unknown 
variables  at  the  (A^+l)'"  time  step,  respectively;  the  subscripts  and  z’  indicate  the  vaMes  at  the  grid  points 
immediately  adjacent  to  point  P  in  the  positive  and  negative  z-directions,  respectively.  Similarly,  the  subscripts  z** 
and  z  -  represent  the  values  at  two  grid  points  from  P  in  the  respective  directions.  The  coefficients  A  and  the  terms 
on  the  right-hand  side  of  the  above  equations  are  calculated  from  the  known  flow  variables  at  the  N  time  step. 
The  above  equations  for  N+2  variables  are  solved  individually  using  an  iterative  ADI  (Alternative  Direction 
Implicit)  technique.  The  pressure  field,  at  every  time  step,  is  accurately  calculated  by  simultaneously  solving  me 
system  of  algebraic  pressure  Poisson  equations  at  all  grid  points  using  the  LU  (Lower-Upper)  decomposition 

technique.  ,  ^  i.  *  ^ 

The  enmalpies  of  aU  me  species  are  calculated  from  me  polynomial  curve  fits  deveteped  for  the  temperature 

range  300-5000K.  Physical  properties  such  as  viscosity,  thermal  conductivity,  and  me  binary  molecular  diffusion 
coefficients  of  me  species  are  calculated  using  molecular  dynamics.  Mixture  viscosity  and  thermal  conductivity 
are  men  estimated  using  me  Wilke  and  me  Kee  expressions  (Hirschfelder,  1954),  respectively.  Molecular  diffusion 
is  assumed  to  be  of  me  binary  type,  and  the  diffusion  velocity  of  a  species  is  calculated  according  to  Pick's  law  and 
using  the  effective-diffusion  coefficient  (Williams,  1985)  of  that  species.  The  Lennard  Jones  potenUals,  the 
effective  temperatures,  and  me  coefficients  for  me  enthalpy  polynomials  for  each  species  are  obtained  from  me 
CHEMKIN  Ubraries. 


3.  Results  and  Discussion 

Many  chemistry  models  have  been  used  in  me  evolution  of  UNICORN,  starting  wim  a  one  step  global  model  for 
hydrocarbon  fuels  and  progressing  to  complete  chemistry  for  hydrogen  to  near  complete  chemistry  for  propane. 
These  models  were  used  in  studying  different  aspects  of  steady  and  unsteady  flames.  Some  of  mese  results  are 
discussed  in  me  following  sections. 

3.1  Flame-base  Structure 

Predictions  of  me  attachment  region  of  jet  flames  are  a  significant  challenge  for  CFD  based  codes.  The  reason  is 
that  near  the  stability  limit  of  these  flames,  the  calculations  are  strongly  dependent  on  the  accuracy  of  vanous 
mathematical  models  incorporated  into  the  code.  Even  though,  the  exact  mechanisms  mat  govern  me  stability  ot  a 
diffusion  flame  are  less  understood,  it  is  generaUy  believed  that  flow  field,  chemistry  and  heat  and  mass  transfer 
are  important  for  me  simulation  of  flames  near  me  stability  limit.  UNICORN  has  been  used  to  investigate  e 
stability  phenomenon  by  simulating  three  methane  jet  diffusion  flames  mat  were  experimentally  found  to  near 
me  stability  limits  (Takahashi  and  Schmoll,  1991).  The  photographs  of  the  three  flames  taken  by  seedmg  me  flow 
with  PIV  particles  are  shown  in  left  halves  of  Figs.  2(a),  2(b),  and  2(c),  respectively.  The  blue  region  m  these 
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photographs  represents  the  luminous  flame,  which,  in  general,  will  be  located  within  the  high- temperature  region. 
The  Inner  diameter  and  wall  thickness  of  the  fuel  tube  are  9.5  and  0.45  mm,  respectively.  The  flow  conditions  and 
the  stability  statuses  for  the  three  flames  are  listed  in  Table  2. 


(a)  (b)  (c) 

Fig.  2.  Methane  jet  diffusion  flames  operating  close  to  stability  limits:  (a)  higher  fuel  jet  and  lower  annular 
air  velocities—attached  flame;  (b)  medium  fuel  and  air  jets— attached  flame;  (c)  lower  fuel  jet  and  higher 
annular  air  velocities— separated  flame. 

Table  2.  Flow  conditions  used  for  the  flame  stability  studies. 


Flame  No. 

Uj  (m/s) 

a  (m/s) 

Stability 

1 

11.5 

0.19 

attached 

2 

6.9 

0.36 

attached 

3 

1.7 

0.72 

separated 

Calculations  for  the  three  methane  flames  in  Table  1  were  made  using  Peters  17-species  and  52-reaction 
model  (Peters,  1993).  The  fully  developed  pipe  flow  and  boundary-layer  velocity  profiles  were  used  inside  and 
outside  the  fuel  tube,  respectively.  Results  in  the  form  of  velocity  vectors  superimposed  over  the  temperature  field 
are  shown  on  the  right  halves  of  the  quantitative  visualizations  in  Figs.  2(a),  2(b),  and  2(c).  A  comparison  of 
experimental  and  simulated  flame  visualizations  in  Fig.  2  suggest  that  the  code  is  able  to  reproduce  the  stability 
phenomenon  of  diffusion  flames.  Calculations  have  resulted  in  attached  flames  for  the  cases  1  and  2  and  a  3-mm 
separated  flame  for  case  3.  After  obtaining  this  general  agreement  between  experiments  and  calculations,  the  flow 
and  chemistry  data  associated  with  the  simulations  is  further  analyzed  to  understand  the  mechanisms  responsible 
for  stabilizing  diffusion  flames  and  the  results  are  published  recently  (Takahashi  and  Katta,  1997;  Takahashi  et  al., 
1998). 

3,2  Unsteady  Laminar  Flames 

UNICORN  was  developed  for  the  purpose  of  accurately  predicting  the  dynamics  characteristic  of  unsteady 
combustion  flows.  The  ability  of  UNICORN  to  predict  unsteady  combustion  processes  has  been  tested  by 
conducting  experimental/numerical  investigations  on  various  dynamic  flames.  Extensive  experimental  studies 
have  been  performed  on  buoyant,  laminar  jet  flames  that  tend  to  oscillate  at  a  stable  frequency.  An  example  of 
such  flames  is  the  hydrogen/air  buoyant  Jet  diffusion  flame  studied  by  Vilimpoc  and  Goss  (1988).  The  time- 
accuracy  of  results  obtained  with  UNICORN  was  investigated  by  simulating  this  flame.  The  fuel  used  was  a 
mixture  of  hydrogen  and  nitrogen  in  a  volumetric  ratio  of  3.5  to  1 .  The  flame  was  stabilized  on  a  contoured  nozzle 
having  an  exit  diameter  of  10  mm.  The  fuel  jet  was  mounted  vertically  and  had  a  mass  averaged  exit  velocity  of 
3.55  m/s.  The  flame  was  surrounded  by  a  i50-mm-diameter  co-annular  air  jet  having  a  velocity  of  35  cm/s  which 
helped  to  shield  the  central  jet  flame  from  room-air  disturbances.  An  instantaneous  image  of  the  experimental 
flame  visualized  by  the  Reactive-Mie-Scattering  technique  (Roquemore  et  al.,  1989)  is  shown  in  Fig.  3(a).  At  this 
low  jet  velocity,  the  shear  layer  is  laminar  in  nature,  and  no  shear-layer  instabilities  have  developed.  Three  outside 
large-scale  structures  are  clearly  visible,  even  though  the  third  one  at  the  top  is  somewhat  smeared  by  the  room  air, 
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Fig.  3.  Comparison  of  experimental  and  computed  hydrogen/aIr  flames  for  fuel-jet  velocity  of  3.26  m/s: 
(a)  Reactive-Mle-Scattering  image  of  experimental  flame;  (b)  instantaneous  temperature  contours  of 
computed  flame;  (c)  iso-temperature  contours  obtained  from  time-averaged  flame;  (d)  iso-temperature 
contours  of  steady-state  flame. 


Calculations  were  performed  using  a  chemical-kinetics  model  consists  of  8  species  and  26  reactions  (Katta 
et  al.,  1994a).  An  instantaneous  iso-temperature  color  visualization  of  the  computed  flame  is  shown  in  Fig.  3(b)  at 
a  phase  very  near  that  of  the  experimental  image  in  Fig.  3(a).  It  should  be  pointed  out  that  no  artificial 
perturbations  were  introduced  to  generate  these  buoyancy-driven  structures.  Once  a  vortex  is  developed  it  rolls 
along  the  flame  surface  while  it  is  convected  downstream.  During  this  process,  the  vortex  interacts  strongly  with 
the  flame,  making  the  flame  surface  bulge  and  squeeze.  This  motion  is  simulated  by  the  time-dependent 
calculations,  as  observed  in  animations  of  the  dynamic  characteristics  of  the  flame.  Freezing  of  the  flame  motion, 
as  in  Figs.  3(a)  and  3(b),  shows  that  the  bulging  and  squeezing  of  the  experimental  and  computed  flame  surfaces 
occur  at  about  the  same  heights.  Excellent  agreement  was  obtained  between  the  calculated  and  measured  flame- 
flicker  frequency.  At  80  mm  above  the  nozzle,  a  14.8-Hz  frequency  was  obtained  from  the  computed  temperature 
fluctuations,  while  the  frequency  was  obsei'ved  to  be  -- 1 5  Hz  in  the  experiments. 

Time  averaged  data  and  steady  state  calculations  can  provide  misleading  information  about  unsteady 
flames.  This  is  illustrated  in  the  time-average  visualization  of  several  instantaneous  temperature  contours  shown  in 
Fig.  3(c).  In  the  averaged  view,  the  second  and  third  buoyant  structures  have  disappeared,  but  the  first  stmcture  is 
still  evident  as  a  locally  diffused  flame.  Since  the  mean  temperature  reflects  the  time  the  flame  spends  at  a  given 
location,  the  presence  of  the  first  bulge  indicates  tliat  the  flame  spends  considerable  time  in  the  bulged  position  at 
an  axial  location  between  50  and  100  mm.  The  isotherms  in  the  interior  of  the  jet  (r  <  10  mm)  are  only  moderately 
affected  by  the  dynamic  motion  of  the  outer  structures,  as  evidenced  by  the  similarity  of  the  instantaneous  [Fig. 
3(b)]  and  averaged  [Fig.  3(c)]  ivsotherms.  To  illustrate  the  importance  of  simulating  the  dynamic  flames  using 
unsteady  CFD  code,  calculations  were  also  performed  for  the  same  flame  using  the  steady-state  option  of 
UNICORN.  Solution  for  this  case  converged  to  a  flame  having  perfectly  smooth  surface.  The  iso-temperature 
visualization  of  tlie  resulted  flame  is  shown  in  Fig.  3(d);  which  does  not  resemble  either  the  instantaneous  flame 
[Fig.  3(b)]  or  time-averaged  flame  [Fig.  3(c)]. 

The  computed  time  evolution  of  temperature  as  the  large  outer  structures  are  convected  past  a  fixed  radial 
line  80  mm  above  the  nozzle  tip  is  visualized  in  Fig.  4.  The  data  shown  at  t  =  150  ms  represent  the  temperature 
recorded  150  ms  prior  to  that  shown  at  0  ms.  Bulging  and  squeezing  of  the  flame  due  to  the  convective  motion  of 
the  outer  vortices  cause  the  periodic  oscillation  in  the  flame  surface  and  create  the  elliptical -shaped  islands  of 
relatively  cold  fuel  (<  1500K)  near  the  centerline  of  the  jet.  Tlie  temperature  evolution  of  the  experimental  flame 
at  the  same  height  (z  =  80  mm)  obtained  using  Thin-Filament-Pyrometry  technique  (Goss  et  al.,  1989)  compares 
well  with  the  predictions.  The  period  of  oscillation  measured  from  this  plot  (~65  ms)  matches  that  obtained  from 
the  frequency  data  obtained  from  experiments. 
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r  (mm) 


Fig.  4.  Predicted  temperature  evolution  of  the  flame  in  Fig.  3  at  80  mm  above  nozzle. 


Frequency  (Hz.)  Relative  Graxitationa!  Force  (g) 

(a)  (b) 


Fig.  5,  (a)  Frequency  spectra  obtained  from  temperature  for  different  gravitational  forces;  (b)  correlation 
between  flicker  frequency  and  gravitational  force. 

One  of  the  powerful  features  of  simulations  is  that  one  can  systematically  vary  parameters  that  cannot  be 
easily  varied  in  experiments.  This  is  illustrated  by  a  study  of  the  flame  similar  to  that  in  Fig,  3.  A  lower  air  flow  of 
0.2  m/s  is  used  in  tliis  numerical  experiment.  The  gravitational  force  was  varied  to  determine  the  effects  of 
buoyancy  on  the  outer  structures.  Calculations  were  made  with  lg'^\  3g^'  and  10^*,  where  g*  is  the 

earth  s  gravitational  acceleration.  As  expected,  the  diameter  of  the  flame  decreases  and  the  frequency  of  oscillation 
increases  with  g.  The  flame  oscillation  is  found  to  be  very  periodic  up  to  At  lOg?*  the  oscillations  appear  to 
be  a  combination  of  two  oscillations  having  different  frequencies  and  magnitudes.  Frequency  spectra  from  the 
temperature  fluctuations  are  obtained  using  FFT  (Fast  Fourier  Transform)  and  are  shown  in  Fig.  5(a).  The  peaks 
are  somewhat  broad  because  of  the  limited  number  of  samples  stored.  Nevertheless,  each  spectrum  except  that  of 
case  has  a  single  peak,  indicating  the  periodicity  of  the  flow.  For  the  normal-gravity  case,  the 
frequency  for  the  outer  structures  is  12.8  Hz.  The  frequency  spectrum  for  the  10^^*  case  has  two  distinct  peaks. 
The  one  at  38  Hz  coiresponds  to  the  fundamental  frequency,  and  the  subharmonic  of  diis  (19  Hz.)  appears  as  the 
second  peak.  The  variation  of  the  flame-flickering  frequency  with  respect  to  gravitational  force  is  plotted  in  Fig, 
5(b).  The  data  points  are  well  fitted  with  the  following  equation: 

Flickering  Frequency 

where  represents  the  flickering  frequency  for  the  gravitational  acceleration  p*  of  the  earth.  Additional 
calculations  at  a  very  low  g  (=  O.OS^f*)  also  yielded  a  frequency  that  is  falling  right  on  top  of  the  curve-fit  given  by 
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the  above  equation.  The  predicted  square-root  dependence  of  the  frequency  on  gravitational  acceleration  is 
supported  by  the  recent  tnicrogravity  experiments  of  Bahadori  et  al.  (1996). 

3J  Unsteady  Transitional  Flames 

Calculations  were  made  for  a  transitional  hydrogen  flame  having  a  fuel  jet  velocity  of  7.64  m/s.  The  volumetric 
ratio  between  the  hydrogen  and  nitrogen  in  this  case  was  3.44  to  1.  A  React ive-Mie-Scattering  image  of  an 
instantaneous  flame  is  shown  in  Fig.  6(a).  This  flame  is  highly  symmetric,  even  up  to  a  height  of  250  mm  (25 
diameters)  and  has  well-organized  structures  both  outside  and  inside  the  flame  surface.  As  the  inner  vortices  move 
downstream,  they  are  squeezed  radially  and  elongated  axially  but  still  retain  their  symmetry. 
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Fig.  6,  Visualization  of  large-scale  outer  and  small-scale  inner  vortices  of  7.64-m/s  hydrogen/air  flame: 
(a)  experimental  flame  obtained  with  Reactive-Mie-Scattering  technique;  (b)  Instantaneous  iso-temperature 
contours  of  computed  flame;  (c)  Instantaneous  iso-radial  velocity  map;  (d)  frequency  spectra  obtained  from 
temperature  data  recorded  within  shear  layer  at  different  axial  locations. 


The  computed  results  in  the  form  of  iso-temperature  and  iso-radial -velocity  plots  are  shown  in  Figs.  6(b) 
and  6(c),  respectively.  In  order  to  generate  and  sustain  the  shear-layer  instabilities  in  the  calculated  flame,  random 
disturijances  were  introduced  at  the  exit  of  the  fuel-jet.  First,  a  few  millimeters  above  the  nozzle,  but  within  the 
shear  layer,  a  circular  zone  having  a  radius  of  three  grid  spacings  was  chosen.  At  all  grid  points  within  this  zone, 
random  disturbances  of  1%  magnitude  were  introduced  to  the  local  axial -velocity  component.  In  the  isotherms 
plot  [Fig.  6(b)]  and  iso-axial  velocity  plots,  the  inner  vortices  appear  as  wavy  lines.  On  the  other  hand,  these 
vortices  are  more  evident  in  the  iso-radial-velocity  contours  of  Fig.  6(c).  Here,  red  and  blue  colors  represent 
positive  (outward)  and  negative  (inward)  radial  velocities,  respectively, 

A  comparison  of  the  calculated  flame  in  Figs.  6(b)  and  6(c)  with  the  experimental  flame  in  Fig.  6(a)  shows 
that  the  simulation  provides  a  good  prediction  of  the  structural  features  of  the  inner  vortices.  The  numerical  model 
was  able  to  predict  the  flame-surface  location  with  reasonable  accuracy  up  to  a  height  of  -200  mm  above  the 
nozzle.  For  example,  the  computed  flame  diameters  at  the  first  three  flame  bulges  from  the  nozzle  are  37,  41,  and 
42  mm,  respectively,  as  compared  to  32,  41,  and  41  mm  measured  from  the  experimental  image.  Also,  the 
frequency  of  the  computed  inner  vortices,  as  noted  by  the  number  of  vortices  per  unit  length,  is  about  the  same  as 
that  in  the  experiments.  The  simulation  also  correctly  predicts  the  unusual  spatial  development  of  the  vortices  as 
they  are  convected  downstream.  Note  that  in  the  experiment,  Fig.  6(a),  the  vortices  in  the  shear  layer  of  the  jet  do 
not  grow  radially  as  they  do  in  cold  jets.  Instead,  the  vortices  grow  axially  and  become  elongated  as  they  are 
convected  downstream.  The  computed  inner  vortices  in  Figs.  6(c)  exhibit  these  same  characteristics. 

Figure  6(d)  shows  frequency  spectra  obtained  from  temperature  data  collected  at  a  radial  location  of  5  mm 
within  the  shear-layer  at  different  axial  distances  from  the  nozzle  exit.  The  data,  stored  from  10,000  time-steps, 
covered  a  real  time  of  0.75  s.  The  calculated  spectra  compare  favorably  with  those  measured  by  Lee  (1992)  in  a 
10-mm-diameter  jet  diffusion  flame.  The  fuel  was  hydrogen  and  nitrogen  with  a  mixture  ratio  of  3.5  to  I .  The  exit 
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velocity  at  the  jet  was  7.8  tn/s  (Lee,  1992).  Lee  used  Fourier  transforms  to  obtain  the  spectrum  from  time  and 
spatially  resolved  temperature  measurements  using  Thin  Filament  Pyrometry  at  several  heights  in  the  flame.  The 
spectral  peaks  at  a  height  of  50  mm  were  compared  with  those  shown  in  Fig.  6(d)  at  a  height  of  50  mm.  The  mea¬ 
sured  peak  frequency  was  -340  Hz,  with  smaller  peaks  at  -380,  480,  300,  240,  and  15.6  Hz.  This  compares 
favorably  with  the  calculated  peak  frequency  of  340  Hz  and  smaller  peaks  at  -370,  410,  300,  260,  and  15  Hz. 
Spectra  measured  at  downstream  locations  showed  the  same  trends  as  those  in  Fig.  6(d).  That  is,  the  peak 
frequencies  decreased  with  height.  A  similar  shift  from  high  to  low  frequency  with  height  in  the  flame  was  also 
observed  by  Yule  et  al.  (1981)  for  a  6-m/s  methane  flame  having  well-organized  inner  voitices.  From  this  limited 
analysis,  the  simulation  appears  to  predict  the  specurura  reasonably  well,  which  suggests  that  it  has  captured  the 
essential  physics  of  the  problem. 

Both  the  inner  and  outer  vortices  of  the  flame  shown  in  Fig.  6  seem  to  interact  with  the  flame  surface  by 
locally  squeezing  or  expanding.  During  this  process  the  flame  temperature  could  change.  However,  the  degree  to 
which  the  vortex-flame  interaction  alters  the  flame  temperature  is  dependent  on  the  local  Lewis  number.  Similarly, 
this  interaction  may  also  modify  the  species  concentration  as  a  result  of  the  variations  in  species  diffusion 
coefficients.  The  interaction  of  the  inner  and  outer  vortices  with  the  flame  was  studied  by  plotting  radial 
distribution  of  temperature  at  an  axial  location  of  120  mm  (Fig.  7).  Scattered  instantaneous  values  were  obtained 
over  a  period  of  0,4  s.  The  average  profile  is  shown  by  solid  line.  From  the  visualization  of  the  temperature- 
evolution  in  Fig.  7(a)  at  this  axial  location,  it  was  observed  that  the  flame  surface  oscillates  radially  between  r  =  13 
and  17  mm.  As  mentioned  previously,  the  outer  vortices  are  mainly  responsible  for  this  oscillation. 


Fig.  7.  (a)  Predicted  temperature  evolution;  (b)  scatter  plot  of  temperature  fluctuations  of  the  flame  in  Fig. 
6  at  a  height  of  80  mm  above  nozzle. 


The  scatter  plot  of  instantaneous  temperatures  [Fig.  7(b)]  indicates  that  the  flame  temperature  reaches  a 
maximum  value  when  it  is  pushed  outward  radially,  i.e.,  at  r  =  17  mm.  As  the  flame  moves  radially  inward,  the 
peak  temperature  gradually  decreases;  however,  a  maximum  in  average  temperature  occurs  near  the  radially  most 
inward  location  of  the  flame.  With  reference  to  Fig.  7(a)  and  the  scatter  plot  in  Fig.  7(a),  it  should  be  noted  that  the 
outer  vortices  cause  more  temperature  fluctuations  outside  the  flame  surface  than  inside;  therefore,  the  average 
temperature  is  lower  at  r  >  1 3  mm, 

3,4  Vortex-flame  Interactions 

At  this  point,  UNICORN  has  been  thoroughly  evaluated  using  steady,  unsteady,  and  transitional  flames.  The 
logical  next  step  in  its  development  is  to  proceed  to  turbulent  combusting  flows.  This  means  adding  a  subgrid 
model  and  three-dimensionality  to  UNICORN.  This  is  relatively  simple  process  as  far  as  code  development  goes, 
however;  the  price  comes  from  extremely  long  computational  times.  We  viewed  the  long  computational  times  as 
more  of  an  impediment  instead  of  an  advancement  in  the  development  process.  Thus,  we  started  thinking  about 
how  we  could  approach  the  turbulent  problem  without  making  a  large  sacrifice  in  computational  time.  Our 
approach  is  to  eliminate  the  statistical  nature  of  turbulence  that  makes  it  difficult  to  study  and  investigate  individual 
turbulent  events  that  could  be  created  repetitively  in  the  laboratory  and  studied  with  a  two-dimensional  code. 

A  turbulent  flame  can  be  thought  of  as  an  ensemble  of  different  individual  vortex -flame  interactions,  A 
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flame  is  considered  to  be  fully  turbulent,  according  to  Hottel  and  Hawthorne  (1949),  when  its  entire  surface  area 
becomes  a  flame  brushy  Le.,  highly  wrinkled,  bumpy,  and  rough.  The  wrinkles  and  bumps  in  the  flame  are  the 
localized  protrusions  of  the  flame  surface  that  result  from  the  interaction  of  the  three-dimensional  fluid  elements 
with  the  reaction  zone.  Photographs  (Fig.  8)  taken  with  high-speed  cameras  indicate  that  these  interacting  fluid 
elements  (insert  in  Fig.  8)  in  a  turbulent  flame  are  often  associated  with  vortices  of  different  sizes,  shapes,  and 
strengths.  As  seen  in  the  last  section  there  are  many  interesting,  yet  not  well  understood,  processes  associated  with 
vortex-flame  interactions.  In  this  section,  we  describe  the  results  of  computational  and  experimental  studies  of 
vortex-flame  interactions  starting  with  naturally  developing  vortices  in  buoyant  diffusion  flames  and  progressing  to 
driven  vortices. 


Fig.  8.  Near-turbulent  jet  diffusion  flame  showing  the  random  vortex-flame-interaction  events.  Blowup  of 
such  an  event  is  shown  in  the  insert. 

(1 )  Naturally  Developing  Vortices 

Studies  on  various  low-speed  jet  diffusion  flames  show  that  the  buoyancy  generated  large-scale  vortical  structures 
interact  with  the  flame  surface  as  they  are  convected  downstream.  These  highly  periodic  flames  provide  data  for 
understanding  chemical  and  fluid-dynamic  aspects  of  the  vortex  interactions  with  a  laminar  flame.  Recent 
numerical  studies  (Katta  et  al.,  1994a;  Katta  and  Roquemore,  1995)  on  a  low-speed  buoyant  Hn/air  jet  diffusion 
flame  using  UNICORN  and  finite-rate  chemistry  with  NO-formation  reactions  have  predicted  that  the  local 
temperature  and  concentration  of  NO  increase  in  the  compressed  regions  and  decrease  in  the  stretched  regions  of 
the  flame.  Laminar-flame  let  tlieory  (Peters  and  Williams,  1983)  suggests  that  when  a  diffusion  flame  is  sU  etched 
(as  in  a  vortex-flame  interaction)  the  flame  temperature  decreases  due  to  the  increased  reactant  fluxes. 
Furthermore,  the  reduced  Damkohler  number  (ratio  of  residence  time  to  reaction  time),  might  explain  the  predicted 
changes  in  the  stretched  regions  of  the  flame,  however,  it  could  not  explain  the  temperature  changes  in  the 
compressed  regions  of  the  vortex-flame  interaction.  The  explanation  of  the  change  in  temperature  in  the  stretched 
and  compressed  regions  of  a  flame,  as  described  in  detail  in  Katta  and  Roquemore  (1995),  is  based  on  the  non- 
unity  value  of  the  local  Lewis  number  and  curvature  effects.  This  explanation  is  qualitatively  consistent  with  the 
studies  of  Law  (1984).  To  verify  these  predictions,  two  experimental  studies  have  been  undertaken,  one  conducted 
by  Carter  et  al.  (1995)  and  a  second  conducted  by  Grisch  et  al  (1996).  In  both  experiments,  phase-locked 
measurements  of  temperature  and  NO  concentrations  were  made  as  an  outer  vortex  interacted  with  a  low-speed 
hydrogen/air  jet  diffusion  flame. 

Measured  and  computed  variations  in  temperature  and  molar  concentration  of  OH  and  NO  across  the  flame 
with  time  at  an  axial  distance  of  80  mm  are  plotted  in  Figs.  9(a),  9(b),  and  9(c),  respectively.  Data  at  elapsed  time 
T  represent  the  flame  as  observed  at  x  ms  prior  to  zero.  Measurements  are  visualized  on  the  left  side  of  each  figure 
and  computed  results  are  visualized  on  the  right  side.  Temperatures  were  measured  using  the  Thin-Filament- 
Pyrometry  technique  (Goss  et  al.  1989)  and  OH  and  NO  concentrations  were  obtained  using  Laser  Induced 
Fluorescence  (Carter  et  al,  1995).  Measurements  shown  in  Fig.  9(a)  confirm  the  predicted  increase  in  temperature 
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in  the  compressed  region  and  decrease  in  temperature  in  the  stietched  region.  The  species  OH  is  confined  to  a 
narrow  zone  and  is  mostly  on  the  air-side  of  the  flame.  Its  concenti'ation  decreases  as  the  flame  is  pulled  radially 
outward.  Measurements  shown  in  Fig.  9(c)  also  confinn  that  a  large  fraction  of  the  NO  is  produced  during  the 
vortex-flame  interaction  and  on  the  air-side  of  the  high-temperaturc  surface.  Entrainment  of  NO  into  the  air-side 
vortex  indicates  the  longevity  of  the  NO  molecules.  In  contrast  to  the  behavior  of  OH,  NO  production  becomes 
maximum  when  the  flame  is  bulging  outward  (compressed). 


Fig.  9.  Evolution  of  (a)  temperature,  (b)  OH  concentration,  and  (c)  NO  concentration  of  dynamic  flame 
shown  in  Fig.  3  at  axial  location  of  80  mm  from  nozzle  exit.  Data  at  any  given  elapsed  time,  /,  represents 
that  the  observer  might  have  seen  t  ms  prior  to  0.  Contour  table  for  each  plot  Is  given  at  the  top.  In  each 
figure  measurements  are  shown  on  the  left  and  predictions  on  the  right. 

In  the  second  experiment,  Grisch  et  al.  (1996)  have  measured  temperatures  and  NO-concentrations  using 
CARS  and  Degenerative-Four- Wave-Mixing  techniques,  respectively.  Measurements  were  made  on  a  similar 
flame  that  had  a  slightly  smaller  fuel  flow  rate  than  that  showm  in  Fig.  9.  Measurements  were  made  at  the  fixed 
axial  (z  =  135  mm)  and  radial  locations  (r  =  6.5  and  16.5  mm)  and  the  data  are  plotted  (symbols)  along  with  the 
corresponding  computed  values  (solid  lines)  in  Fig  10.  In  this  plot,  the  molar  concentration  of  NO  in  the 
experimental  and  computed  flames  are  compared  using  relative  units.  Both  the  calculations  and  experiments  show 
that  at  radial  locations  away  from  the  flame  surface  [Fig.  10(a)]  the  periodic  variations  in  NO  concentration  follow 
closely  that  of  temperature.  However,  near  the  flame  surface  [Fig.  10(b)]  the  concentration  of  NO  is  much  higher 
in  the  compressed  region  compared  to  that  in  the  stretched  region.  The  two  peaks  in  the  temperauire  profile  at 
times  77  and  92  ms  represent  the  stretched  and  compressed  flamelets,  respectively.  As  observed  in  the  previous 
experimental  (Vilimpoc  and  Goss,  1988)  and  numerical  (Katta  and  Roquemore,  1995)  studies,  the  temperature  of 
the  compressed  flamelet  is  higher  than  that  of  the  stretched  flamelet  and  it  was  attributed  by  Katta  et  al.  (1994a)  to 
the  non-unity  Lewis  number  of  the  local  gas  mixture.  Measurements  seem  to  exhibit  larger  variation  in 
temperatures  of  the  stretched  and  compressed  flamelets  than  was  predicted.  However,  calculated  data  at  a  radial 
location  slightly  different  from  that  used  in  Fig.  10(b)  show  a  temperature  difference  of  ~!00  K.  Thus,  the 
agreement  between  the  measured  and  computed  data  at  both  radial  locations  [Figs.  10(a)  and  10(b)]  for  botli 
temperature  and  NO  concentration  is  considered  to  be  very  good.  This  comparison  confirms  the  fact  that 
temperature  and  NO  concentration  indeed  increase  with  the  flame  compression;  with  the  NO  concentration  being 
affected  more  significantly. 
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Fig.  10.  Predicted  and  measured  temperature  and  NO-concentration  fluctuations  obtained  at  axial 
distance  of  135  mm  and  at  radial  locations  of  (a)  6.5  and  (b)  26.5  mm  in  a  buoyant  hydrogen/air  jet 
diffusion  flame. 

(2)  Driven  Vortices  i  •  •  u 

Studies  involving  vortices  that  are  formed  and  interact  naturally  with  the  flame  surface  provide  valuable  insights 
into  vortex-flame  interactions,  however,  there  are  also  some  major  limitations  associated  with  such  studies  as  the 
size  and  strength  of  the  vortices  cannot  be  readily  changed.  Typically,  the  vortices,  that  develop  m  buoyant  jet 
flames,  range  in  size  of  several  centimeters  for  laboratory  flame  to  several  meters  in  large  fires.  Only  the  larger 
vortices  produce  sufficient  stretch  to  cause  local  extinction.  On  the  other  hand,  turbulent  flames  involve  strong 
interactions  between  flames  and  vortices  having  sizes  ranging  from  mm  to  several  meters.  Therefore,  to 
understand  vortex-flame  interactions  that  could  simulate  those  in  turbulent  flames,  studies  must  be  performed  with 
various  sizes  of  vortices.  This  can  be  achieved  by  externally  driving  a  vortex  and  forcing  it  to  interact  with  a  flame 

in  a  controlled  way.  u  ^  • 

Hsu  et  al.  (1993)  established  a  vortex  inside  a  laminar  jet  diffusion  flame  fueled  with  methane  by  dnving 
the  fuel  jet.  The  experimental  setup  consists  of  a  central  fuel  nozzle  and  a  coannular  air  duct  with  exit  diameters  of 
10  and  152  mm,  respectively.  The  fuel  nozzle  is  connected  to  the  speaker  chamber  by  means  of  a  long  tapered 
tube.  Fuel  is  pumped  through  the  side  ports  of  the  speaker  chamber.  An  audio  speaker  is  mounted  in  this  chamber 
in  such  a  way  that  the  hollow  cone  of  the  diaphragm  is  toward  the  nozzle  exit.  While  a  steady  flow  of  fuel  is 
maintained  throughout  the  experiment,  puffs  of  fuel  are  periodically  ejected  from  the  nozzle  by  dnving  the  speaker 
with  a  pulse  generator.  The  flame  is  shielded  from  room-air  disturbances  using  a  low-speed  air  flow  m  the 
coannular  duct.  This  system  permits  precise  control  of  the  frequency,  strength,  and  shape  of  the  vortex  that 
emerges  from  the  fuel  nozzle. 

Phase-Locked  RMS  visualizations  at  8, 10, 12  and  14  ms  after  firing  the  vortex  are  shown  from  left  to  nght 
in  upper  half  of  Fig.  11.  The  vortex  strucmres  capmred  by  the  RMS  visualizations  can  be  recognized  by  their  dark 
green-yellow  appearance.  These  images  are  frozen  by  the  10-ns  flash  of  the  laser  sheet  passing  through  the  center 
of  the  flame  and  thus,  accurately  represent  the  time  and  spatial  evolution  of  the  vortices.  However,  the  flame 
image  is  the  result  of  averaging  by  the  film  during  the  time  the  camera  shutter  is  open,  which  is  about  1  ms  in  this 
case.  The  apparent  flame  locations  in  Fig.  1 1  are  marked  by  the  yellow  and  blue  colors  in  the  photograph. 

The  vortex-flame  interactions  are  evident  in  Fig.  11.  At  the  8-ms  instant,  a  large  vortex  that  rotates 
downward  is  observed.  There  is  also  a  counter  rotating  "secondary"  vortex  on  top  of  the  large  "primary"  vortex  but 
it  is  too  small  to  be  clearly  observed.  Two  milliseconds  later,  however,  the  size  of  the  "secondary"  vortex  became 
comparable  to  that  of  the  "primary"  vortex.  It  is  clear  that  they  form  a  pair  of  counter  rotating  vortex  rings. 
Almost  all  of  the  outward  radial  motion  of  the  vortices  occurs  between  0  and  10  ms.  The  vortex  interaction  with 
the  flame  produces  a  hole  that  occurs  between  8  and  10  ms.  Once  the  hole  is  formed  and  the  vortex  pair  reaches  its 
maximuih  radial  location,  it  appears  to  rotate  inward.  This  is  observed  for  time-delays  of  12  and  14  ms.  The  hole- 
which  is  clearly  a  ring,  as  noted  by  the  dark  band  across  the  flame-remains  open  for  a  long  period  of  time. 
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Experiment 


Sms  30  ms  12  ms  14  ms 


(a)  (b)  (c)  (d) 

Fig,  1 1 .  Vortex-flame  Interaction  in  driven  methane/aIr  jet  diffusion  flame.  Experimental  images  obtained 
using  Reactive-Wie-Scattering  technique  are  shown  in  the  upper  half.  Green  emission  from  Ti02  particles 
represents  instantaneous  flowfield,  and  blue  color  represents  time-averaged  flame  surface.  Predictions 
made  using  global-chemistry  model  are  shown  in  the  lower  half.  Temperature  is  plotted  on  left  and  particle 
locations  are  plotted  on  right. 

The  results  of  the  numerical  simulations  at  approximately  the  same  time-delays  as  those  of  the  experiments 
of  Fig.  11  are  shown  in  the  lower  hdf  of  Fig.  11.  Composite  visualizations  of  isotherms  (left)  and  color-coded 
particle  tracings  (right)  are  presented  at  each  instant.  Also  shown  in  the  figure  are  the  predicted  instantaneous 
stoichiometric  mixture  fraction  locations,  marked  by  the  white  dots  outside  the  particle  tracings.  The  numerical 
simulation  reproduces  the  evolution  of  the  primary^  vortex  of  the  experiments  using  the  particle  tracking  technique. 
The  counter-rotating  vortex  ring  is  also  evident  in  the  simulation.  The  isotherm  representation  did  not  identify  the 
vortex  pair  that  is  shown  by  particle  tracings.  In  fact,  the  temperature  field  prediction  seems  to  suggest  the 
existence  of  a  single  vortex  region.  The  numerical  simulation  appeais  to  produce  nearly  the  same  time  and  spatial 
evolution  of  the  ring  vortex  as  observed  in  the  experimental  visualizations. 

Note  that  the  computed  visualizations  in  Fig.  11  appear  to  capture  the  quenching  process  during  the  vortex- 
flame  interaction  just  as  observed  in  the  experiments.  However,  the  flame  is  not  completely  quenched  since  tfiere 
is  still  a  high  temperature  zone.  It  appears  that  the  high  temperature  is  thinned  out  by  the  vortex-flame  interaction. 
Quenching  normally  results  from  a  reduction  in  chemical  reaction  rate  and  hence  a  reduction  in  heat  release  rate. 
However,  chemical  quenching  is  not  possible  because  infinitely  fast  global  reaction  chemistry  was  used  in  the 
calculations.  The  thinning  of  the  flame  zone  with  infinitely  fast  chemistty  is  an  interesting  phenomenon.  A  better 
understanding  of  the  processes  causing  it  could  give  additional  insights  into  the  quenching  process.  It  is  useful  to 
examine  how  the  flame  thinning  comes  about  in  the  calculations.  The  insights  will  come  form  visualizing  the 
vortex-flame  interaction  in  several  different  ways. 

Figure  12  is  a  visualization  of  the  computed  vortex -flame  interaction  at  a  time  when  the  flame  is  stretched 
thin.  The  left  side  of  the  visualization  contains  an  iso-temperature  color  plot  and  the  right  side  contains  iso¬ 
concentration  plots  of  fuel  and  oxygen  fields  separated  by  the  peak-temperature  surface  (vsolid  white  dots).  The 
instantaneous  particle  field  is  superimposed  on  the  right-hand  side  image  and  the  velocity  field  is  superimposed  on 
the  left-hand  side.  Note  that  particle  tracking  provides  a  visualization  that  is  veiy  similar  to  the  RMS  visualizations 
shown  in  Fig.  i  L  The  particle  track  and  velocity  vector  visualizations  in  Fig.  12  show  that  the  primary  counter¬ 
rotating  ring  vortex  has  a  high  radial  velocity  in  the  region  where  the  flame  is  being  stretched.  This  is  due  to  the 
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fuel  being  deflected  as  it  approaches  the  flame  zone.  The  fuel  is  deflected  away  from  the  flame  zone  because  of 
the  high  wiscosity  barrier  caused  by  the  high  temperature  around  the  flame  surface  and  the  large  density  ratio 
between  the  entrained  fluid  and  the  flame.  Since  the  deflected  fuel  is  not  transported  into  the  flame,  the  flame 
thickness  momentarily  decrease  even  though  infinitely  fast  chemistry  is  used  in  the  simulation,  '^Fhe  decrease  in 
flame  temperature  is  resulting  from  the  coarseness  of  the  mesh  used.  It  should  be  noted  that  different  ways  of 
visualizing  the  flame  thinning  process  provided  the  insights  into  the  transport  processes  causing  it.  However,  the 
question  as  to  whether  the  real  quenching  process  observed  in  Fig,  1 1  is  due  to  the  deflection  of  fuel  from  the  flame 
or  from  finite  rate  chemistry  has  not  been  answered.  To  address  the  effects  of  finite  rate  chemistry  calculations 
were  performed  using  Peters’  chemical  kinetics  (Peters,  1993).  Details  of  these  Investigations  are  published  else 
where  (Katta  et  al.,  1998b), 


20  0  20 


Fig.  12.  Blowup  of  the  vortex-flame  interaction  at  an  instant  corresponding  to  Fig.  1 1  (b).  Temperature  and 
velocity  field  are  shown  on  the  left-hand  side.  Fuel  and  oxygen  concentrations  and  particle  locations  are 
shown  on  the  right-hand  side. 

In  previous  sections,  the  results  of  combined  numerical/experi mental  investigations  have  demonstrated  the 
value  of  visualization  in  evaluating  UNICORN  and  using  it  as  a  research  tool  to  understand  simple,  dynamic 
flames.  A  long-range  goal  for  UNICORN  is  that  it  will  be  used  as  a  tool  to  aid  in  the  design  of  practical 
combustion  systems  such  as  gas  turbine  combustors.  Recently,  UNICORN  has  been  used  for  the  prediction  of 
complex  flowfields  in  research  combustors  (Durbin  et  al.,  1996;  Katta  and  Roquemore,  1998a)  and  demonstrated 
the  need  for  dynamic  simulations  in  those  combustors. 

4.  Summary 

Accurate  simulations  employing  detailed-chemical-kinetics  models  for  different  fuels  are  needed  for  understanding 
flame  stmcture  and  various  processes  involved  in  unsteady  flames.  An  axisymmetric,  time-dependent  CFDC 
(Computational  Fluid  Dynamics  with  Chemistry)  code  known  as  UNICORN  has  been  developed  over  the  past  6 
years  for  the  simulation  of  dynamic  flames.  During  its  development,  experimental/numerical  investigations  have 
been  performed  on  various  flames  to  validate  and  establish  the  accuracy  of  the  predictions.  Both  qualitative  and 
quantitative  visualizations  have  been  used  extensively  for  comparing  the  predictions  with  experimental  data  and  in 
exploring  the  physics  associated  with  the  problems.  Parametric  studies  have  also  been  conducted  to  identify  the 
factors  that  are  important  in  these  dynamic  flames. 

Calculations  using  UNICORN  have  been  performed  for  unsteady  laminar  and  transitional  jet  diffusion 
flames  of  hydrogen,  methane  and  propane  fuels.  The  predicted  flame  shapes  and  flow  structures  of  periodically 
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oscillating  flames,  that  result  from  an  absolute  buoyancy-induced  instability,  showed  good  correlation  with  the 
Reactive-Mie-Scattering  images  of  the  flames  obtained  in  experiments.  UNICORN  predicted  and  it  was  later 
found  experimentally  that  the  temperature  and  hence,  nitric  oxide,  in  these  buoyancy-dominated  unsteady  flames 
increase  at  certain  phases  of  the  vortex-flame  interaction;  a  characteristic  behavior  of  hydrogen  and  methane 
flames.  Simulations  for  transitional  flames  having  inner  and  outer  vortices  reveled  that  viscosity,  volumetric 
expansion  and  body  force  due  to  buoyancy  are  responsible  for  the  slower  growth  and  longer  coherence  lengths  for 
the  inner  vortices, 

A  combined  experimental/numerical  study  was  made  for  the  vortex-flame  interactions  in  a  coflowing 
methane  jet  diffusion  flame.  A  large  toroidal  vortex  formed  from  the  fuel  puff  and  pushed  the  flame  radially 
outward  and  created  a  hole  on  the  flame  surface.  As  the  vortex  convected  downstream,  re-ignition  took  place  in 
the  region  of  the  hole  and  the  flame  returned  to  its  unperturbed  position.  UNICORN  has  been  used  to  investigate 
the  vortex  evolution,  quenching  and  ignition  processes  associated  with  this  vortex-flame  interaction. 
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The  detailed  structure  of  the  stabilizing  region  of  an  axisymmetric  laminar  methane  jet  diffusion 
flame  has  been  studied  numerically  by  solving  the  time-dependent  full  Navier-Stokes  equations  \vith 
buoyancy  using  an  implicit,  third-order  accurate  numerical  scheme  and  two  detailed  C2-chemistry 
models.  The  calculated  standoff  distance  of  the  flame  base  was  comparable  to  that  experimentally 
observed  but  chemistry-model  dependent.  Nevertheless,  local  flame  structure  around  the  base  was 
nearly  identical,  except  that  the  Cj -chemistry  previously  used  overpredicted  the  methyl  and  formal¬ 
dehyde  concentrations.  The  fuel-lean,  highest-reactivity  spot  (reaction  kernel)  responsible  for  flame 
stabilization  was  formed  as  a  result  of  back-diffusion  of  radicals  into  the  oxygen-abundant  flame 
base,  thereby  dramatically  enhancing  the  H2-O2  chain  reactions,  the  CH3  formation  and  oxidation  via 
formaldehyde,  the  C2-reaction  path,  and  the  HO2  reactions  at  relatively  low  temperatures  (<1600  K). 
In  particular,  the  H  +  O2  OH  +  O  and  CH3  -f  O  CH2O  +  H  reactions  played  a  decisive  role  in 
the  reaction  kernel. 

Keywords:  Diffusion  flame;  flame  structure;  flame  stabilization;  chemical  kinetics 


INTRODUCTION 

The  interaction  between  a  flame  and  surfaces  plays  an  important  role  in  flame 
holding  in  combustors  and  fire  spread  through  condensed  fuels  (Williams,  1985). 
Flame-flow  phenomena,  including  transport  processes  and  chemical  reactions 
around  the  flame  base  near  the  surfaces,  control  flame  stability  and  spreading 
mechanisms.  Understanding  of  the  flame  stabilization  of  laminar  diffusion 
flames  is  weak  compared  to  that  of  laminar  premixed  flames,  primarily  due  to 
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the  lack  of  a  global  parameter  reflecting  the  reaction  rates  of  diffusion  flames  (cf. 
the  burning  velocity  of  premixed  flames).  In  diffusion  flames,  transport  proc¬ 
esses  are  in  general  rate  determining.  However,  in  the  flame  stabilizing  region 
(flame  base),  partial  premixing  of  fuel  and  air  occurs  in  the  quenched  (dark) 
space  near  the  surfaces  and  accelerates  coupled  transport  and  reaction  processes. 
An  early  postulation  (Gaydon  and  Wolfhard,  1979)  that  “there  must  be  a  sort  of 
flame  velocity  in  this  premixed  zone  at  the  base  which  causes  the  combustion 
processes  to  propagate  downwards  along  the  flame  front  against  the  gas  stream, 
thus  preventing  the  flame  from  lifting”  has  long  prevailed  among  researchers 
without  experimental  proof. 

A  correlation  was  obtained  (Takahashi  et  al.,  1985,  1996)  between  the  velocity 
of  the  flow  entrained  into  the  flame  base  at  lifting  and  the  maximum  burning 
velocity  for  hydrogen  diffusion  flames.  However,  the  flame  structure  measure¬ 
ments  (Robson  and  Wilson,  1969;  Kawamura  et  al.,  1980;  Takahashi  et  al.,  1988) 
in  a  small  (~a  few  mm  square)  stabilizing  region  of  rim-attached,  laminar  diffu¬ 
sion  flames  of  methane  revealed  a  premixed  zone  which  was  too  narrow  for  a 
premixed  flame  to  propagate.  A  much  longer  axial  distance,  or  residence  time, 
from  the  burner  rim  to  the  flame  base  is  required  for  the  fuel-air  interdiffusion 
process  to  form  a  thick  premixing  layer.  Near  the  flame  base  of  lifted  laminar 
flames  with  a  liftoff  height  of  several  to  10+  cm,  Chung  and  Lee  (1991)  observed 
a  tribrachial  structure  composed  of  a  lean  premixed  flame,  a  rich  premixed 
flame,  and  a  diffusion  flame  extending  downstream  from  the  same  point  for  pro¬ 
pane  and  n-butane,  but  not  for  methane  and  ethane.  Chung  and  Lee  attributed  the 
different  behavior  to  the  Schmidt  number  (Sc  >  1  for  propane  and  butane;  0.5  < 
Sc  <  1  for  methane  and  ethane).  The  tribrachial  (or  triple)  flame  structure  could 
be  formed  by  artificially  increasing  the  thickness  of  the  premixing  layer  in  a 
lifted  laminar  axisymmetric  flame  of  a  diluted  methane  jet  surrounded  by  a  lean 
methane-air  coflow  and  an  outer  coflow  air  (Plessing  et  al.,  1998).  Furthermore, 
theoretical  works  have  been  directed  toward  modeling  of  the  flame  behavior  in 
the  vicinity  of  a  fuel-oxidizer  divider  using  the  triple-flame  (Veynante  et  al., 
1994;  Wichman  and  Varatharajan,  1997)  or  edge-flame  (Buckmaster  and  Weber, 
1996)  concept. 

Unfortunately,  previous  results  generally  suffered  from  the  lack  of  detailed 
flame  structure  information,  particularly  on  radical  concentrations  and  reactions. 
Diagnostic  techniques  available  to  measure  various  species  in  a  small  flame-sta¬ 
bilizing  region  are  limited.  As  a  result  of  recent  advances  in  computational  capa¬ 
bilities  and  chemistry  models,  a  numerical  approach  seems  most  promising  to 
obtain  comprehensive  chemical  kinetic  structure.  In  this  paper,  the  new  results  of 
numerical  analyses  using  two  different  Ci-chemistry  models,  in  addition  to 
Cj-chemistry  model  previously  used  (Takahashi  et  al.,  1998),  are  reported  to 
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reveal  the  chemical  kinetic  structure  of  the  stabilizing  region  of  methane  diffu¬ 
sion  flames  and  to  expand  the  knowledge  of  flame  stabilization  mechanisms. 
Because  the  reaction  mechanisms  available  are  typically  “calibrated”  for  ID 
premixed  flame  systems,  the  current  work  is  a  pioneering  attempt  to  see  if  these 
mechanisms  accurately  predict  the  two-dimensionally  distributed  variables 
around  the  diffusion  flame  base  and  the  subtly  balanced  standoff  distance.  A 
novel  approach  is  employed  here  to  reveal  the  influence  of  the  variation  of  indi¬ 
vidual  rate  coefficients  on  the  flame-base  standoff  distance  in  consideration  of 
the  2D  flame  structure. 


NUMERICAL  METHODS 


The  numerical  code  (UNICORN)  used  in  this  study  was  developed  by  Katta  et 
al.  (1994)  and  validated  against  measurements  and  flow  visualization  of  various 
diffusion  and  premixed  flame  phenomena;  i.e.,  unsteady  characteristics,  extinc¬ 
tion,  ignition,  vortex-flame  interactions,  and  flame  attachment  mechanisms 
(Roquemore  and  Katta,  1998;  Katta  and  Roquemore,  1998;  Takahashi  and  Katta, 
1995, 1996, 1997;  Takahashi  et  al.,  1998). 

The  time-dependent,  axisymmetric  mathematical  model  of  UNICORN,  which 
solves  for  axial-  and  radial-momentum  equations,  continuity,  and  enthalpy-  and 
species-conservation  equations  is  used  to  simulate  the  near-base  regions  of  jet 
diffusion  flames.  The  governing  equations,  written  in  the  cylindrical-coordinate 
system,  are  as  follow: 

t  +  =  0  (1) 

at  oz  r  or 


and 


d{p^)  d[fni^) 
dt  ^  dz 


+ 


1  d{rpu^) 

_  d 

1  8 

^ - 

k?l 

r  dr 

dz 

dz_ 

r  dr 

dr 

+  5^  (2) 


Here  p  represents  density;  u  and  v  are  the  axial  and  radial  components  of  the 
velocity  vector,  respectively;  and  p  is  pressure.  The  general  form  of  Eq.  2  repre¬ 
sents  the  momentum,  the  species,  or  the  energy-conservation  equation,  depend¬ 
ing  on  the  variable  used  in  place  of  O.  In  Table  I,  the  transport  coefficients 
and  the  source  term  that  appear  in  the  governing  equations  are  given.  The 
body-force  term  due  to  the  gravitational  field  is  included  in  the  axial-momentum 
equation.  Here  |lL,  X,  and  are  the  viscosity,  thermal  conductivity,  and  specific 
heat  of  the  mixture,  respectively;  is  the  mass  fraction;  Hi  is  the  enthalpy; 
is  the  heat  of  formation  at  standard  state  (temperature  Tq);  and  uji  is  the 
mass-production  rate  of  species  i;  po  is  the  density  of  air;  and  g  is  the  gravita- 
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tional  acceleration.  The  transport  properly  is  the  effective  diffusion  coeffi¬ 
cient  for  species  i  (Williams,  1985),  which  is  calculated  from  the  binary  diffusion 
coefficients  between  that  species  and  the  other  individual  species.  Finally,  Le^  is 
the  Lewis  number  for  species  z,  which  is  defined  as 


Lci 


A 


(3) 


TABLE  I  Transport  Coefficients  and  Source  Terms  Appearing  in  the  Governing  Equations 


O 


M-  dp  .  .  d  f  du\  d  (  iidv 

-Tz  +  +  ^  +  Tr  y'Tz)  + 

2  {  d  (  du\  d  (  d  f  v\ 

“3 \^dz)''"az  dz  y  r) 

dp  d  (  du\  d  (  dv\  pdv  v 

~dr  ^  j  ^  V  Sr  )  rdr  ~ 

3  {sr  j  Sr  (''dr  jj  ar  (''r) 


Yi(i=l . N,-l)  pDi, 


fei 


i-l 


The  set  of  expressions  given  by  Eqs.  1  and  2  can  be  completed  using  the  glo¬ 
bal-species-conservation  equation 

Ns-l 

i=l 

and  the  state  equation 

where  Rq  is  the  universal  gas  constant;  T  is  the  temperature;  and  7/  and  M/  are  the 
mass  fraction  and  molecular  weight  of  species  z,  respectively.  While  density  is 
obtained  by  solving  the  state  equation  (5),  the  pressure  field  at  every  time  step  is 
determined  from  pressure  Poisson  equations.  Even  though  the  governing  equa¬ 
tions  are  solved  in  an  uncoupled  manner,  the  species-conservation  equations  are 
coupled  through  the  source  terms  during  the  solution  process  to  improve  the  sta- 
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bility  of  the  algorithm.  Such  coupling  is  essential  in  fmite-rate-chemistry  calcula¬ 
tions  since  the  high-reaction-rate  terms  make  the  species-conservation  equations 
quite  stiff.  Temperature-  and  species-dependent  thermodynamic  and  transport 
properties  are  used  in  this  formulation. 

The  governing  equations  for  u  and  v  momentum  are  integrated  using  an 
implicit  QUICKEST  (Quadratic  Upstream  Interpolation  for  Convective  Kine¬ 
matics  with  Estimated  Streaming  Terms)  numerical  scheme  (Katta  et  al.,  1994; 
Leonard,  1979),  which  is  third-order  accurate  in  both  space  and  time  and  has  a 
very  low  numerical-diffusion  error.  On  the  other  hand,  the  finite-difference  form 
of  the  species  and  enthalpy  is  obtained  using  the  hybrid  scheme  (Spalding,  1972) 
with  upwind  and  central  differencing.  An  orthogonal,  staggered-grid  system  with 
rapidly  expanding  cell  sizes  in  both  the  z  and  the  r  directions  is  utilized  for  dis¬ 
cretizing  the  governing  equations.  After  rearrangement  of  terms,  the  finite-differ¬ 
ence  form  of  the  governing  equation  for  the  variable  O  at  a  grid  point  P  can  be 
written  as  an  algebraic  equation  as  follows: 

+  A,- 

+  +'  +  A,-  +  A,-  +  At  •  (6) 

The  time  increment  (Ar)  is  determined  from  the  stability  constraint  and  main¬ 
tained  as  a  constant  during  the  entire  calculation.  The  superscripts  N  and  N+l 
represent  the  known  variables  at  the  time  step  N  and  the  unknown  variables  at  the 
time  step  A^+1,  respectively;  the  subscripts  and  z  indicate  the  values  at  the  grid 
points  immediately  adjacent  to  point  P  in  the  positive  and  negative  z-directions, 
respectively.  Similarly,  the  subscripts  and  z"  represent  the  values  at  two  grid 
points  from  P  in  the  respective  directions.  The  coefficients  A  and  the  terms  on  the 
right-hand  side  of  the  above  equations  are  calculated  from  the  known  flow  varia¬ 
bles  at  the  time  step  N.  The  above  equations  for  N^+2  variables  are  solved  indi¬ 
vidually  using  an  iterative  ADI  (Alternative  Direction  Implicit)  technique.  The 
pressure  field  at  every  time  step  is  accurately  calculated  by  simultaneously  solv¬ 
ing  the  system  of  algebraic  pressure  Poisson  equations  at  all  grid  points  using  the 
LU  (Lower-Upper)  decomposition  technique. 

Three  detailed  chemical-kinetic  models  proposed  in  the  literature  for  meth¬ 
ane-air  combustion  were  used  in  this  study.  The  first  was  proposed  by  Peters 
(1993)  and  consists  of  17  species  (CH4,  O2,  CH3,  CH2,  CH,  CH2O,  CHO,  CO2, 
CO,  H2,  H,  O,  OH,  H2O,  HO2,  H2O2,  and  N2  [inert])  that  are  involved  in  52  ele¬ 
mentary  reactions  as  shown  in  Table  II  (R1  through  R53,  except  R47).  This 
mechanism  is  derived  from  the  one  originally  published  (Peters,  1993)  for  the 
hydrocarbon  fuels  up  to  propane  in  terms  of  carbon  content  and  by  neglecting  the 
species  that  have  more  than  one  carbon  element.  This  Cj -chemistry  model  was 
used  in  the  previous  studies  (Takahashi  and  Katta,  1996,  1997;  Takahashi  et  al.. 
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1998).  The  second  chemistry  model  (R1  through  R81  in  Table  II)  is  an  extension 
of  the  first  and  was  obtained  by  including  the  C2-chemistry  (Peters,  1993)  which 
adds  seven  additional  species  (C2H,  C2H2,  C2H3,  C2H4,  C2H5,  C2H6,  and 
CHCO)  and  29  reactions.  Finally,  the  third  chemistry  model  used  in  the  present 
study  was  compiled  by  the  Gas  Research  Institute  (GRI-Mech,  version  1.2).  This 
is  the  most  comprehensive  mechanism,  having  31  species  and  346  elemen¬ 
tary-reaction  steps,  and  is  recommended  by  several  investigators  for  computing 
the  structures  of  methane  flames  (Frenklach  et  al.,  1995).  In  addition  to  the  24 
species  in  the  second  model  (Peters  mechanism  with  C2  chemistry),  the  GRI 
mechanism  uses  the  following  seven  additional  species:  C,  CH2(S),  CH2OH, 
CH3O,  CH3OH,  CH2CO,  and  HCCOH,  but  the  Arrhenius  parameters  have  been 
collected  independently. 


TABLE  II CH4  Mechanism^ 

A  n  E 


H2/O2  Chain  Reactions 


(RI) 

H  +  02->0H  +  0 

2.00E+14 

0.0 

16,800 

(R2) 

0H  +  0-»H  +  02 

1.57E+13 

0.0 

84o 

(R3) 

0  +  H2->0H  +  H 

5.06E+04 

2.67 

6,280 

(R4) 

0H  +  H->0  +  H2 

2.22E+04 

2.67 

4,370 

(R5) 

H2  +  0H->H20  +  H 

l.OOE+08 

1.60 

3,300 

(R6) 

H20  +  H~>H2  +  0H 

4.31E+08 

1.60 

18,270 

(R7) 

OH  +  OH  0  +  H2O 

1.50E+09 

1.14 

100 

(R8) 

H20  +  0-^0H  +  0H 

L47E+10 

1.14 

17,000 

HO2  Formation  and  Consumption 

(R9) 

02  +  H+M-4H02  +  M 

2.30E+18 

-0.8 

0 

(RIO) 

H02  +  M-^02  +  H  +  M 

3.19E+18 

-0.8 

46,680 

(Rll) 

H02  +  H^OH  +  OH 

L50E+14 

0.0 

1,000 

(R12) 

H02  +  H*-»H2  +  02 

2.50E+13 

0.0 

692 

(R13) 

H02  +  0H^H20  +  02 

6.00E+13 

0.0 

0 

(R14) 

HO2  +  H  H2O  +  0 

3,00E+13 

0.0 

1,720 

(R15) 

H02  +  0-^OH  +  02 

1.80E+13 

0.0 

-406 

H2O2 

Formation  and  Consumption 

(R16) 

HO2  +  HO2  H2O2  +  O2 

2.50E+11 

0.0 

-1,240 

(R17) 

OH  +  OH  +  M  H2O2  +  M 

3.25E+22 

-2.0 

0 

(R18) 

H202  +  M->0H  +  0H+M 

L69E+24 

-2.0 

48,330 

(R19) 

H202+H-^H20  +  0H 

LOOE+13 

0.0 

3,580 

(R20) 

H202  +  0H->H20  +  H02 

5.40E+12 

0.0 

.  1,000 

(R21) 

H20  +  H02^H202+0H 

L80E+13 

0.0 

32,190 
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A  n  E 


Recombination  Reactions 


(R22) 

H  +  H  +  M->H2  +  M 

L80E+18 

^1.0 

0 

(R23) 

H  +  OH  +  M  H2O  +  M 

2.20E+22 

-2.0 

0 

(R24) 

0  +  0  +  M->02  +  M 

2.90E+17 

-1.0 

0 

CO/CO2 

Mechanism 

(R25) 

CO  +  OH  CO2  +  H 

4.40E+06 

1.5 

-740 

(R26) 

C02+H-^C0  +  0H 

4.96E+08 

1.5 

21,440 

CH  Consumption  Reactions 

(R27) 

CH  +  02^CH0  +  0 

3.00E+13 

0-0 

0 

(R28) 

CO2  +  CH  CHO  +  CO 

3.40E+12 

0.0 

692 

CHO  Consumption  Reactions 

(R29) 

CH0  +  H^C0  +  H2 

2.00E+14 

0.0 

0 

(R30) 

CH0  +  0H>-»C0  +  H20 

LOOE+14 

0.0 

0 

(R31) 

CHO  +  O2  CO  +  HO2 

3.00E+12 

0-0 

0 

(R32) 

cho  +  m->co  +  h  +  m 

7.I0E+14 

0-0 

16,800 

(R33) 

H  +  CO+M->CHO  +  M 

L14E+15 

0.0 

2,380 

CH2  Consumption  Reactions 

(R34) 

CH2  +  H^CH  +  H2 

8.40E+09 

1.5 

335 

(R35) 

CH  +  H2  ->  CH2  +  H 

5.83E+09 

1.5 

3,125 

(R36) 

CH2  +  0-^C0  +  H  +  H 

8.00E+13 

0.0 

0 

(R37) 

CH2  +  O2  ^  CO  +  OH  +  H 

6.50E+12 

0.0 

1,500 

(R38) 

CH2  +  02->C02+H  +  H 

6.50E+12 

0.0 

1,500 

CH2O  Consumption  Reactions 

(R39) 

CH20  +  H-^CH0  +  H2 

2.50E-fl3 

0.0 

3,990 

(R40) 

CH20  +  0^CH0+0H 

3.50E+13 

0.0 

3,490 

(R41) 

CH20  +  0H->CH0  +  H20 

3.00E+13 

0.0 

1,200 

(R42) 

CH20  +  M-^CH0  +  H  +  M 

L40E+17 

0.0 

76,500 

CH3  Consumption  Reactions 

(R43) 

CH3  +  H  CH2  +  H2 

L80E+i4 

0.0 

15,050 

(R44) 

CH2  +  H2^CH3+H 

3.68E+13 

0.0 

10,580 

(R45) 

CH3  +  H  CH4 

6.00E+16 

-1.0 

0 

Ko 

8.00E+26 

-3.0 

0 

(R46) 

CH3  +  0-^CH20  +  H 

7.00E+13 

0.0 

0 

(R47) 

CH3  +  CH3  C2H6 

3.61E+13 

0.0 

0 

Ko 

L27E+41 

-7.0 

2,762 

(R48) 

CH3  +  02->CH20  +  0H 

3.40E+11 

0.0 

8,940 
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n 

E 

(R49) 

CH3  +  H2->CH4+H 

8.39E402 

-  3.0 

8,260 

(R50) 

CH3  +  H2O  -4  CH4+  OH 

2.63E405 

2.10 

16,950 

CH4  Consumption  Reactions 

(R51) 

CH4+H-^CH3  +  H2 

2.20E404 

3.0 

8,740 

(R52) 

CH4  +  0  -4  CH3  4  OH 

L20E407 

2.1  ■ 

7,620 

(R53) 

CH4+0H^CH3  +  H20 

I.6OE4O6 

2.1 

2,460 

C2H  Consumption  Reactions 

(R54) 

C2H  +  H2^C2H2  +  H 

I.IOE4I3 

0.0 

2,867 

(R55) 

C2H2  +  H-4C2H  +  H2 

5-27E413 

0.0 

28,656 

(R56) 

C2H  +  O2-4CHCO+O 

5.00E413 

0.0 

1.505 

CHCO  Consumption  Reactions 

(R57) 

CHCO  +  H-4CH2  +  CO 

3.OOE4I3 

0.0 

0 

(R58) 

CH2  4  CO  CHCO  4  H 

2.36E412 

0.0 

-7,021 

(R59) 

CHC040-»C04C04H 

1.00E414 

0.0 

0 

C2H2  Consumption  Reactions 

(R60) 

C2H2  4  0-^CH24  CO 

4.IOE4O8 

1.5 

1,696 

(R61) 

C2H240-4CHC04H 

4.30E414 

0.0 

12,112 

(R62) 

C2H24OH-4C2H4H20 

I.OOE4I3 

0.0 

7,000 

(R63) 

C2H4H20^C2H2  4  0H 

9.OOE4I2 

0.0 

-3,818 

C2H3 

Consumption  Reactions 

(R64) 

C2H34H-4C2H24H2 

3.OOE4I3 

0.0 

0 

(R65) 

C2H3  4  O2  — ^  ^2^2 

5.4OE4U 

0.0 

0 

(R66) 

C2H3-4C2H24H 

2,00E4l4 

0.0 

39.717 

Ko 

1.19E442 

-7.5 

45,486 

(R67) 

C2H2  4  H  -4  C2H3 

1.05E414 

0.0 

810 

C2H4 

Consumption  Reactions 

(R68) 

C2H44H-4C2H34H2 

1.50E414 

0.0 

10,201 

(R69) 

C2H3  4H2^C2H4  4H 

9.6IE4I2 

0.0 

7,800 

(R70) 

C2H44O-4CH34CO4H 

1.60E409 

1.2 

741 

(R71) 

C2H4  4  0H--^C2H3  4H20 

3.OOE4I3 

0.0 

3,010 

(R72) 

C2H34H2O-4C2H44OH 

8.28E412 

0.0 

15,576 

(R73) 

C2H4  4M-^C2H2  4H2  4M 

2.50E4I7 

0.0 

76,400 

C2H5  Consumption  Reactions 

(R74) 

C2H5  4  H  -4  CH34  CH3 

3.00E4i3 

0.0 

0.0 

(R75) 

CH3  4  CH3  ^  C2H5  4  H 

3.57E412 

0.0 

11,870 

(R76) 

C2H5  4  Ot  ~4  C2H4  4  HO2 

2.OOE4I2 

0.0 

4.993 
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A 

n 

E 

(R77) 

C2H5^C2H4+H 

2.00E+13 

0.0 

39,657 

Ko 

l.OOE+17 

0.0 

31,057 

(R78) 

C2H4  +  H-^C2H5 

1C 

3.19E+13 

0.0 

3,013 

C2H6 

Consumption  Reactions 

(R79) 

^^2^6  +  H  — >  C2H5  +  H2 

5.40E+02 

3.5 

5,208 

.(R80) 

C2H6  +  0  C2H5  +  OH 

3.00E+07 

2.0 

5,112 

(R81) 

C2H6+0H^C2H5  +  H20 

6.30E+06 

2.0 

645 

^  Reaction  rates  in  cm^  mol  s  cal  units,  k  =  AT'*exp(-£/i?r). 
Source:  Peters  (1995),  Wamatz  (1984)  (R45). 


Although  it  is  beyond  the  scope  of  this  study  to  “tune”  the  kinetic  mechanisms 
to  the  current  application,  the  Arrhenius  parameters  for  the  reaction  CH3+  H 
CH4  (R45)  are  replaced  with  those  by  Wamatz  (1984)  for  all  kinetic  models. 
Otherwise,  the  extinction  limit  of  counterflow  diffusion  flames  was  predicted  at  a 
significantly  lower  strain  rate  (Katta  and  Roquemore,  1996)  compared  to  that 
determined  experimentally  by  Sung  et  al.  (1995),  and  the  jet  diffusion  flames 
under  consideration  prematurely  lifted  off  under  conditions  below  the  stability 
limit  obtained  experimentally  (Takahashi  and  Schmoll,  1991). 

The  enthalpies  of  individual  species  are  calculated  from  the  polynomial  curve 
fits  developed  for  the  temperature  range  300  -  5000  K,  Physical  properties  such 
as  viscosity,  thermal  conductivity,  and  the  binary  molecular  diffusion  coefficients 
of  the  species  are  calculated  using  molecular  dynamics.  Mixture  viscosity  and 
thermal  conductivity  are  then  estimated  using  the  Wilke  and  Kee  expressions 
(Hirschfelder  et  al.,  1954),  respectively.  Molecular  diffusion  is  assumed  to  be  of 
the  binary  type,  and  the  diffusion  velocity  of  a  species  is  calculated  according  to 
Pick's  law  and  the  effective  diffusion  coefficient  (Williams,  1985)  of  that  species. 
The  Lennard-Jones  potentials,  the  effective  temperatures,  and  the  coefficients  for 
the  enthalpy  polynomials  for  each  species  are  obtained  from  the  CHEMKIN 
libraries. 

The  computational  domain  and  the  boundary  conditions  employed  are  shown 
in  Fig.  1.  The  computational  domain  is  bounded  by  (I)  the  inflow  and  (II)  out¬ 
flow  boundaries  in  the  axial  direction,  (III)  the  axis  of  symmetry,  and  (IV)  the 
outer  uniform-flow  boundary  in  the  radial  direction.  The  outflow  and  outer  uni¬ 
form-flow  boundaries  (II  and  IV,  respectively)  of  the  computational  domain  are 
located  sufficiently  far  from  the  jet  exit  and  the  centerline,  respectively,  to  mini¬ 
mize  the  propagation  of  disturbances  into  the  region  of  interest.  Unsteady 
axisymmetric  calculations  are  made  on  a  physical  domain  of  80  x  50  mm  using  a 
271  X  101  nonuniform  grid  system  with  clustered  grid  lines  near  the  jet  exit  with 
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Outflow  n 


Inflow  (Methane)  I  Inflow  (Air) 

u  =  Uf  ;  v  =  0  u=  Uj  ;  v  =  0 

Ych4  =  1-0;  Ych4  =  0.0;  Yo2  =  0.233; 

Yo2  =  0.0  Yn2  =  0.767 

FIGURE  1  Computational  domain  and  boundary  conditions 

a  minimum  spacing  of  0.05  mm.  The  previous  work  (Katta  and  Roquemore, 
1996,  1998)  on  counterflow  and  co-axial  jet  diffusion  flames  suggests  that 
0.05-mm  grid  spacing  is  sufficient  for  resolving  the  flame  structure  even  with  the 
GRI  mechanism  for  methane  combustion.  The  reaction  zone  thickness  for  the 
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flames  considered  in  this  paper  based  on  short-lived  species  such  as  CH  is  about 
0.6  mm ;  which  is  resolved  by  1 2  grid  points  with  the  present  grid  system.  In 
addition,  the  semi-implicit  numerical  scheme  employed  yields  more  accurate 
results  on  a  coarse  mesh  compared  to  those  obtained  with  an  explicit  numerical 
scheme. 

The  inner  diameter  (9.5  mm)  and  lip  thickness  (0.25  mm)  of  the  fuel  tube  are 
close  to  those  used  in  the  previous  experiments  (Takahashi  and  Schmoll,  1991). 
The  fuel  tube  exit  plane  is  placed  10  mm  from  the  inflow  boundary  1.  A  devel¬ 
oped  fuel-jet  velocity  profile  and  a  uniform  air  velocity  profile  are  used  at  the 
inflow  boundary  I.  No-slip  boundary  conditions  are  enforced  along  the  burner 
walls.  Although  the  outflow  boundary  II  is  more  difficult  to  treat  if  vortices 
develop  (Katta  and  Roqueraore,  1998)  because  the  flow  leaving  this  boundary 
continuously  evolves  in  time  as  the  vortices  cross  the  boundary,  the  results  pre¬ 
sented  in  this  paper  are  obtained  under  entirely  laminar,  vortex-free  steady-state 
conditions.  A  simple  extrapolation  procedure  with  weighted  zero-  and  first-order 
terms  is  used  to  estimate  the  flow  variables  on  the  boundary.  The  weighting  fac¬ 
tors,  wj  and  W2  (see  Fig.  1),  are  selected  by  the  trial-and-error  approach;  the 
main  criterion  used  is  that  the  disturbances  crossing  the  outflow  boundary  should 
leave  smoothly  without  generating  unwanted  reflections. 

In  this  study,  three  different  calculations  have  been  performed  using  the  three 
different  chemistry  models  described  above  under  the  same  flow  conditions 
listed  in  Table  III.  The  mean  jet  velocity  (i7j  =  1.7  m/s,  the  jet  Reynolds  number; 
-1025)  and  the  mean  coflowing  air  velocity  =  0.72  m/s)  are  the  same  as  Case 
J5  in  the  previous  work  (Takahashi  et  al.,  1998)  and  is  slightly  below  the  meas¬ 
ured  critical  lifting-limit  condition  2  m/s  at  =  0.72  m/s  [Takahashi  and 
Schmoll,  1991]).  Typically,  a  steady-state  solution  is  obtained  in  approximately 
30,000  time  steps  with  Af=  10  jits.  This  number  comes  down  for  the  calculations 
that  are  started  with  a  close  initial  solution. 


TABLE  in  Test  Conditions 


Case 

Uj(m/s) 

VJm/s) 

Chemistry  Model 

1 

1.7 

0.72 

PetersAVaraatz  Cj -chemistry,  17  species,  52  reactions 

2 

1.7 

0.72 

PetersAVamatz  C2-chemistry,  24  species,  81  reactions 

3 

1.7 

0.72 

GRI-MechAVamatz  C2“Chemistry,  31  species,  346  reactions 

Finally,  the  mixture  fraction  (Q  defined  as  the  fraction  of  the  mass  at  any  loca¬ 
tion  that  originated  from  the  fuel  jet  is  determined  from  the  calculated  species 
mole  fractions  using  the  following  expression  (Nandula  et  al.,  1994): 
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c  =  16.0[A^CH4  +  +  AcH2  +  ^CK  +  ^CH20  +  ^CHO  +  Ac02  +  ^co 

+  0.5(A"c2H  +  A'caHa  +  ^€2^2  +  AC2H4  +  -^C2H5  +  ■^C2H6 

+  Achco  +  Ac  +  Ach2(S)  +  A"ch20h  +  AchsO 
+  ACH3OH  +  AchoCO  +  Ahccoh)] 

where 


j-i 


RESULTS  AND  DISCUSSION 

Flame-Flow  Visualization 

Figure  2  shows  the  two-color  particle  image  velocimetry  photographs  of  the  sta¬ 
bilizing  region  of  near-lifting  methane  jet  diffusion  flames  at  two  different  mean 
jet  velocities  (f/j  =  1.7  and  1.8  m/s)  at  a  fixed  mean  air  velocity  =  0.72  m/s). 
The  technique  used  is  described  elsewhere  (Takahashi  et  al.,  1998).  Submicron 
particles  were  illuminated  by  a  sheet  of  green  and  red  pulsed  (10  ns)  lasers  with  a 
known  time  delay;  the  high  number-density  cold  outer  airflow,  a  low  number 
density  hot  zone  around  the  flame,  and  the  jet-external  fluid  dividing  streamline 
were  visualized.  A  time-exposure  (1/30  s)  image  of  the  blue  flame  zone  was  also 
recorded  in  the  photographs.  Under  the  flow  conditions  approaching  lifting,  the 
flame  base  gradually  shifted  upward  a  few  millimeters  away  from  the  burner  rim 
(Fig.  2).  The  outer  cold  air  was  entrained  into  the  fuel  jet  through  the  dark  space 
between  the  flame  base  and  the  rim,  thus  thermally  disconnecting  the  flame  base 
from  the  burner  rim.  At  the  lifting  condition  ((/jc  =  2  m/s),  the  flame  base 
abruptly  lifted  off  -20  cm  above  the  jet  exit  and  became  a  turbulent  flame.  Thus, 
the  standoff  distance  was  extremely  sensitive  to  a  small  variation  in  the  mean  jet 
velocity  just  before  the  lifting  limit.  It  should  be  noted  that  the  numerical  simula¬ 
tions  presented  in  this  paper  were  performed  for  the  above-mentioned  shifted 
laminar  flame  conditions,  not  the  lifted  flame. 

Near- Jet-Exit  Field 

Figure  3a  shows  the  calculated  velocity  vectors  (v),  isotherms  (7),  and  total 
heat-release  rate  (?)  contours  in  the  stabilizing  region  for  Case  2  (see  Table  HI). 
The  total  heat-release  rate  is  a  sum  of  contributions  of  individual  elementary 
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(a)  (b) 


FIGURE  2  Two-color  particle  image  velocimetry  photographs  of  the  stabilizing  region  of  methane  jet 
diffusion  flames,  d  -  9.45  mm.  Laser  intensity:  -20  mJ/pulse;  pulse  width:  10  ns;  time  delay:  70  ps; 
and  sheet  thickness:  -0.5  mm.  Exposure  time:  1/30  s.  Seed  particles:  zirconia  (<1  pm,  97  %). 
-  0.72  m/s.  (a)  Uj  =  1 .7  m/s,  (b)  Uj  =  1.8  m/s  (See  Color  Plate  I  at  the  back  of  this  issue) 


reaction  steps.  The  heat-release  rate  showed  a  sharp  peak  at  the  base  of  the  flame 
at  relatively  low  temperatures  (<1600  K)  as  was  obtained  for  Case  1  shown  in  a 
previous  paper  (Takahashi  et  al.,  1998).  As  shown  in  Figs.  3b  and  3c,  respec¬ 
tively,  the  molar  oxygen  consumption  rate  and  water  vapor  production 

rate  (a?H2o)  also  have  peaks  close  (typically  -0.05  mm)  to  the  heat-release  rate 
peak.  The  authors  (Takahashi  et  al.,  1998)  named  this  highest  reactivity  spot 
(including  the  peaks  of  Q,  — ^^02J  and  )  a  reaction  kernel 
It  is  notable  that  the  calculated  standoff  distance  (z^)  from  the  burner  rim  to  the 
reaction  kernel  in  the  simulated  flame  depends  on  the  chemistry  model:  Case  1, 
Zj.  =  2.98  mm;  Case  2,  Zk  =  4.13  mm;  and  Case  3,  Zk  =  2.38  mm.  Nevertheless, 
considering  the  extreme  sensitivity  of  the  standoff  distance  just  before 
full-fledged  lifting  as  described  in  the  preceding  section,  it  is  remarkable  that  the 
simulated  standoff  distances  of  the  shifted  flames  were  in  fair  agreement  with  the 
experimental  observation  (-3  mm)  in  all  cases.  This  point  is  particularly  impor¬ 
tant  because  the  flame  base  would  drift  away  downstream  and  prematurely  lift 
off  if  the  kinetic  parameters  for  reaction  R45  by  Peters  (1993)  were  not  replaced 
with  those  of  Wamatz  (1984).  The  influence  of  individual  rates  of  elementary 
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5  6  7  8 

r  (mm) 


FIGURE  3  Calculated  (a)  velocity  vectors,  isotherms  (unit.  K),  total  heat-release  rate  (J/cm^s); 
(b)  molar  flux  vectors  of  methane  (dashed)  and  molecular  oxygen  (solid),  equivalence  ratio  based  on 
the  fuel  and  oxygen  fluxes,  and  oxygen  consumption  rate  (mol/cm^s):  (c)  molar  flux  vectors  of  atomic 
hydrogen,  mole  fraction  of  oxygen,  and  water  vapor  production  rate  (moI/cm**s)  in  the  stabilizing 
region  of  methane  jet  diffusion  flames.  Case  2  (See  Color  Plate  II  at  the  back  of  this  issue) 
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reactions  on  the  standoff  distance  will  be  discussed  later.  The  calculated  standoff 
distance  is  also  sensitive  to  the  boundary  layer  velocity  profile  of  the  airflow 
developed  outside  the  burner  wall  Because  the  base  of  the  shifted  flame,  unlike 
the  rim-attached  flame,  is  thermally  disconnected  from  the  burner  wall  (Fig.  3a) 
as  observed  experimentally  (Fig.  2),  the  heat  loss  to  the  burner  is  insignificant  in 
the  flame  stabilization  although  the  flame  base  is  aerodynamically  cooled. 

In  Fig.  3a,  there  was  a  low  velocity  region  near  the  burner  rim  and  wake  in  the 
“dark”  space  between  the  flame  base  and  the  rim.  The  external  fluid  crossed  the 
flame  zone  or  penetrated  through  the  dark  space  onto  the  fuel-side  of  the  flame 
zone.  In  the  hot  zone  around  the  flame,  the  external  fluid  accelerated  and  its 
stream  tubes  slightly  expanded  due  to  the  longitudinal  and  lateral  thermal  expan¬ 
sion  of  gases,  respectively.  Despite  the  differences  in  the  standoff  distance  for  the 
three  different  cases  (Case  1,  Takahashi  et  al.,  1998;  Case  2,  Fig.  3a;  Case  3,  not 
shown),  the  velocity  vectors  and  temperature  fields  around  the  flame  base  are 
extremely  similar. 

Figure  3b  shows  the  calculated  total  molar  flux  vectors  of  methane  (  Mch4  5 
dashed)  and  molecular  oxygen  ( M02 ,  solid),  including  both  diffusion  and  con¬ 
vection  terms,  contours  of  the  equivalence  ratio  ((j)),  and  the  oxygen  consumption 
rate  for  Case  2.  The  equivalence  ratio  was  determined  from  the  fuel  and  oxygen 
molar  fluxes,  thus  including  the  dynamic  effects  of  both  convection  and  diffu¬ 
sion.  In  the  upper  portion  of  the  flame,  the  molar  flux  vectors  of  methane  and 
oxygen  turned  toward  the  flame  zone  from  the  opposite  sides,  typical  of  diffusion 
flames.  Partial  premixing  occurred  in  the  dark  space  and  the  reaction  zone  was 
broadened  around  the  fuel-lean  ~  0.6)  reaction  kernel.  It  should  be  noted  that 
the  leading  edge  (base)  of  the  flame  stabilizes  at  the  fuel-lean  side  ((j)  <  1), 
although  one  might  speculate  that  the  flame  stabilizes  at  the  fuel-rich  side  since 
the  laminar  burning  velocity  of  methane-air  premixed  flames  peaks  around  (|)  « 
1.1  (Lewis  and  von  Elbe,  1961).  However,  the  current  result  is  consistent  with 
the  experimental  measurements  (Robson  and  Wilson,  1969;  Takahashi  et  al., 
1988)  that  revealed  that  the  visible  flame  base  was  in  the  fuel-lean  condition  (cj) « 
0.6).  Robson  and  Wilson  (1969)  argued  by  quoting  the  results  of  the  burning 
velocity  measurements  with  heat  losses  by  Kaskan  (1957),  who  found  that  lean 
flames  bum  considerably  faster  than  stoichiometric  flames  that  are  cooled  to  the 
same  final  temperature. 

The  present  result  shows  that  although  the  flame  stabilizes  in  a  partially 
premixed  region,  the  stabilization  of  laminar  diffusion  flames  is  different  from 
the  characteristics  of  premixed  flames  as  postulated  by  Gaydon  and  Wolfhard 
(1979).  The  thickness  of  the  mixing  layer  within  the  flammability  limits  (0.5  <  (j) 
<1.7)  just  below  the  reaction  kernel  (approximately  0.6  mm)  was  much  less  than 
the  minimum  quenching  distance  of  methane-air  mixtures  (2.2  mm  [Lewis  and 
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von  Elbe,  1961]).  Thus,  the  flame  base  cannot  propagate  through  the  mixing 
layer  as  a  premixed  flame.  In  other  words,  the  flame  base  under  investigation  did 
not  have  the  premixed-flame  or  tripie-flame  structure  (Chung  and  Lee,  1991; 
Veynante  et  aL,  1994;  Wichman  and  Varatharajan,  1997;  Plessing  et  ai.,  1998). 
This  computed  result  is  consistent  with  the  experimental  observation  (Fig.  2)  that 
the  flame  base  has  no  premixed-flame  wings. 

Figure  3c  shows  the  calculated  total  molar  flux  vectors  of  atomic  hydrogen 
(Mh),  the  mole  fraction  of  molecular  oxygen  (^02  )>  and  the  rate  of  water 
vapor  production  for  Case  2.  In  the  upper  portion,  the  molar  flux  vectors  of 
atomic  hydrogen  pointed  to  the  opposite  sides  of  the  flame  zone  as  a  result  of 
strong  diffusion.  By  contrast,  hydrogen  atoms  diffused  downward  in  every  direc¬ 
tion  at  the  reaction  kernel.  This  trend,  peculiar  to  the  geometric  edge  of  the 
flame,  was  also  found  for  other  radical  species  (OH,  O,  and  CH3,  etc.)  generated 
in  the  high-temperature  reaction  zone.  The  flame  base  was  more  exposed  to  air 
(aerated);  the  oxygen  mole  fraction  reached  up  to  10+  %  and  the  oxygen  concen¬ 
tration  gradient  also  became  steeper  around  the  reaction  kernel,  thus  increasing 
both  convective  and  diffusive  contributions  to  the  oxygen  flux.  Therefore,  as  will 
be  discussed  in  detail,  various  radical  species  back-diffused  against  the  convec¬ 
tive  oxidizing  flow,  reacted  with  each  other  and  with  molecular  oxygen,  broad¬ 
ened  the  reaction  zone,  and  increased  the  global  reaction  rates  even  at  relatively 
low  temperatures. 

Trailing  Flame  Structure 

To  examine  the  detailed  flame  structure  and  compare  the  results  for  different 
chemistry  models,  the  profiles  of  various  variables  are  plotted  at  two  different 
heights:  the  trailing  flame  zone  and  reaction  kernel.  Figures  4  and  5  show  the 
radial  variations  of  the  temperature,  species  mole  fractions  (X/),  total  heat  release 
rate,  and  species  production  rates  (^^i)  across  the  trailing  flame  zone  at  a  height 
of  3  mm  from  the  reaction  kernel  for  the  three  cases.  As  discussed  in  a  latter  sec¬ 
tion,  if  the  axial  distance  from  the  reaction  kernel  is  used,  the  variations  of  the 
variables  along  the  flame  zone  are  similar  and  asymptotically  approach  constant 
values  downstream.  Thus,  3  mm  from  the  reaction  kernel  is  arbitrarily  chosen, 
rather  than  a  fixed  height,  to  represent  the  trailing  flame  structure. 

The  distributions  of  the  temperature  and  the  mole  fractions  of  major  species 
(Fig.  4)  are  typical  of  diffusion  flames,  except  for  the  increased  oxygen  mole 
fraction  on  the  fuel  side  and  residual  methane  on  the  air  side  due  to  the  oxygen 
penetration  and  methane  efflux  through  the  dark  space  below  the  flame  base.  The 
variations  of  the  temperature  and  mole  fractions  are  very  similar  for  the  three 
cases,  except  for  those  of  the  fuel  fragments  (methyl  radical  CH3  and  C2  species) 
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FIGURE  4  Variations  of  the  calculated  temperature  and  species  mole  fractions  across  the  trailing 
flame  zone  (z  =  zj^  +  3  mm),  (a)  Case  I,  6  mm;  (b)  Case  2,  z  =  7,13  mm;  and  (c)  Case  3, 
z  =  5.38  mm 


and  an  oxidated  hydrocarbon  intermediate  (formaldehyde  CH2O)  on  the 
fuel-side  of  the  temperature  peak.  The  production  rates  (Fig.  5)  show  that  the 
hydrocarbon  fragments,  H2,  and  CO  were  primarily  formed  on  the  fuel  side  and 
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6  6.5  7 

r  (mm) 


FIGURE  5  Variations  of  the  calculated  species  formation  rate  across  the  trailing  flame  zone 
(^  =  +  3  mm),  (a)  Case  \,z-6  mm;  (b)  Case  2, r  =  7.13  mm;  and  (c)  Case  3, z  =  5.38  mm 

consumed  on  the  air  side  of  the  peak  temperature  or  heat-release  rate;  and  the 
chain  radical  species  (H,  OH,  and  O)  were  produced  on  the  air  side  and  con¬ 
sumed  on  the  fuel  side.  The  methane  consumption  rate  peak  was  on  the  fuel-side 
and  that  of  oxygen  and  the  production  rates  of  the  final  products  (H2O,  CO2) 
were  on  the  air  side. 
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6  6.5  7 
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7.5 


FIGURE  6  Variations  of  the  calculated  (a)  individual  reaction  rates,  (b)  net  reaction  rates,  and  (c)  net 
heat-release  rates  of  major  elementary  steps  across  the  trailing  flame  zone  (z  =  +  3  mm).  Case  2, 

Z  =  7.13  mm 


To  investigate  contributions  of  individual  reaction  steps  to  the  flame  structure, 
the  results  for  Case  2  are  presented  here  in  more  detail.  Figure  6a  shows  the 
molar  reaction  rates  of  selected  individual  elementary  reaction  steps  ((dj).  The 
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absolute  magnitudes  of  (05,  (£>6,  cog’  ®  7»  ®2  were  particularly  large.  As  was 

reported  previously  (Takahahshi  et  al.,  1998)  for  Case  I,  pairing  of  forward  and 
backward  reactions  was  obvious ;  the  differences  indicate  the  deviation  from  par¬ 
tial  equilibria.  Fig,  6b  shows  the  net  reaction  rates  (coy.j^  =  (Oj  -  %  or  cOy  if  the 
backward  reaction  was  not  included  in  the  model).  The  reaction  rate  peaks 
revealed  four  distinct  zones:  fuel  decomposition  (see  peaks  of  0551^9,  CO47,  coyy. 
7g,  C053_5{),  and  (043,44)  on  the  fuel  side,  hydrocarbon  fragment  oxidation/decom¬ 
position  ((O32--33,  CO45,  C034_35,  ©59)  around  the  peak  temperature  or  heat-release 
rate  (r  =  6.4  mm),  H2-O2  chain/product  formation  (©5_6,  ®25-26>  ^8- 

7),  and  HO2/H2O  reactions  (©9_io)  on  the  air  side.  Figure  6c  shows  the  net 
heat-release  rates  of  the  paired  or  non-paired  reactions  (4y+jk  =  Qj  -^Qk  or  qj). 
The  major  contributors  to  positive  heat  release  are  ?46,  ^59)  ^344-355^607  and  hs 
with  their  peak  locations  coincident  with  that  of  the  total  heat-release  rate,  ethane 
formation  (^47)  on  the  fuel  side,  the  H2/CO  oxidation  (^5+67425+26)7  and  the 
HO2/H2O  reactions  (49+107413)  on  the  air  side.  The  negative  contributors  are 
the  C2  hydrocarbon  decomposition  (477+787  466+6?)  on  the  fuel  side,  the  chain 
branching  reactions  (41+2743+4)7  and  the  CHO  decomposition  reaction 
(432+33)  on  the  air  side. 

The  results  illustrate  a  typical  picture  of  methane  oxidation  processes  in  diffu¬ 
sion  flames  as  summarized  in  Fig.  7.  Here,  the  individual  species  are  shown 
based  on  the  approximate  radial  locations  of  the  species  formation  rate  peaks  rel¬ 
ative  to  the  heat-release  or  temperature  peak.  The  H  attack  on  O2  induces  the 
chain  branching  (Rl)  to  form  a  radical  pool  of  H,  OH,  and  O.  The  dehydrogena¬ 
tion  of  methane  primarily  by  the  H  attack  produces  the  CH3  and  H2  (R51)  and 
the  OH  attack  on  H2  (R5)  forms  the  product  H2O  and  further  contributes  to  the 
radical-pool  build-up.  The  fate  of  methyl  radical  plays  a  key  role  in  the  methane 
combustion  (Wamatz,  1984).  The  methyl  radical  is  oxidized  by  the  0  attack  to 
form  formaldehyde  (R46),  decompose  to  CH2  (R43),  or  recombined  with  another 
methyl  radical  to  form  ethane  (R47).  The  peak  values  of  the  reaction  rates  of 
these  reactions  were  in  the  same  order  (©45  -  8  x  lO^^mol/cm^s,  ©43^  =  4.5  x 
10"^  mol/cm^s,  ©47  ~  4,6  x  10"*^  mol/cm^s).  In  the  trailing  flame  zone,  the  con¬ 
centration  peaks  of  CH3  and  O  were  separated  by  the  flame  zone  on  the  fuel  and 
air  sides,  respectively  (Fig.  4),  and  thus,  R46  was  limited  in  a  narrow  zone  where 
the  heat  release  peaks.  The  secondary  peak  of  the  formaldehyde  mole  fraction  on 
the  fuel  side  (r  ~  5.4  mm)  in  Fig.  4b  is  due  to  the  high-concentration  formalde¬ 
hyde  formed  near  the  reaction  kernel  (to  be  shown)  and  transported  by  convec¬ 
tion  (see  the  velocity  vectors  in  Fig.  3a)  because  the  rate  of  formation  vanished  in 
this  region  at  this  height  ( c^CHoO  in  Fig.  5b  or  ©45  in  Fig.  6b).  The  lack  of  the  C2 
route  in  Case  1  led  to  overprediction  of  the  methyl  radical  and  formaldehyde 
concentrations  (Fig.  4a).  For  Cases  2  and  3  (Figs.  4b  and  4c),  the  formation  of 
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ethane  (R47)  significantly  reduced  the  methyl  radical  mole  fraction  on  the  fuel 
side  (r  <  6  mm). 


Fuel  Side  Peakq,T  Air  Side 

FIGURE  7  Flow  diagram  for  the  oxidation  of  CH4  in  the  trailing  flame  zone.  Peak  net  reaction  rate: 
— >  0.00003  -  0.0001  mol/cm^s;  — >  >0.0001  mol/cm^s.  Case  2 


Because  Figs.  4  and  5  show  the  variations  at  different  heights,  depending  on 
the  standoff  distances,  the  radial  locations  of  the  peak  temperature,  or 
heat-release  rate,  are  slightly  different  among  Cases  1  through  3.  To  correct  for 
the  level  of  jet  fluid  mixing  in  the  radial  direction  and  to  examine  the  changes  in 
the  flame  structure  due  to  chemical  kinetic  effects,  the  selected  variables  are 
replotted  against  the  mixture  fraction  in  Fig.  8.  Both  the  temperature  and  total 
heat-release  rate  peaks  for  Cases  1-3  were  nearly  at  the  same  mixture  fraction 
(-0.063),  which  was  greater  than  the  stoichiometric  value  for  methane-air  com¬ 
bustion  (0.055).  Unlike  the  simple  fuel-oxygen  stoichiometry,  the  current  com¬ 
prehensive  computations,  including  multi-component  multi-step  chemistry  and 
transport  processes,  simulated  the  non-equilibrium  chemistry  and  preferential 
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FIGURE  8  (a)(b)  Variations  of  the  calculated  species  mole  fractions,  temperature,  and  total 
heat-release  rate  as  a  function  of  the  mixture  fraction  across  the  trailing  flame  zone  (z  =  +  3  mm). 

- ,  Case  1,  z  =  6  mm; - ,  Case  2,  z  =  7.13  mm: - ,  Case  3,  z  =  5.38  mm 


diffusion  effects.  The  variables  on  the  air-side  of  the  flame  zone  had  similar  val¬ 
ues  for  all  cases,  while  the  kinetic  effects  were  more  evident  on  the  fuel  side.  The 
chain  radical  species  (H,  OH,  and  O)  formed  on  the  air  side  diffused  into  the  fuel 
side  and  attacked  the  initial  fuel  and  its  fragments.  In  general.  Cases  2  and  3 
resulted  in  lower  temperature,  lower  and  ,  and  higher  Xq^  than 

those  of  Case  1  on  the  fuel  side.  The  differences  between  Cases  2  and  3  were 
more  complicated  because  of  the  differences  in  the  Peters  (1993)  and  GRI  (Fren- 
klach,  1995)  mechanisms  in  the  reaction  rates  of  the  methyl  formation/oxida¬ 
tion/recombination  steps  and  the  radical  pool  formation.  In  particular.  Case  3 
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showed  larger  and  Xq,  and  deeper  penetration  of  H  and  O  into  the  fuel  side, 
resulting  in  smaller  Xch4  and  a  wider  q  peak  shifted  toward  the  fuel  side. 

Reaction  Kernel  Structure 

Figures  9  and  10  show  the  radial  variations  of  calculated  variables  across  the 
reaction  kernel.  The  reaction  kernel  structure  shows  striking  differences  from  the 
trailing  diffusion  flame  structure.  However,  despite  the  differences  in  the  stand¬ 
off  distance,  the  variations  are  very  similar  among  the  three  cases,  except  for  the 
minor  species  on  the  fuel  side.  In  all  cases,  there  were  secondary  peaks  in  the 
oxygen  mole  fraction  (X02  «  0.12)  on  the  fuel  side  of  the  relatively  low  peak 
temperature  (1510-1545  K)  and  a  small  hump  in  the  methane  mole  fraction 
(^CH4-  0.005-0.011)  on  the  air  side.  These  resulted  from  the  air  penetration  and 
the  methane  efflux  through  the  dark  space.  The  minimum  oxygen  mole  fraction 
at  the  reaction  kernel  was  substantially  higher  (Xq2  ~  0.06)  than  that  in  the  trail¬ 
ing  flame  (Xo2-  0.001-0.004)  and  the  measurement  in  moderately  strained  coun¬ 
terflow  diffusion  flames  (X02  ~  0.02  [Tsuji  and  Yamaoka,  1971]).  Furthermore, 
the  distributions  of  the  chain  radicals  (H,  OH,  and  O)  and  CH3  widely  over¬ 
lapped  compared  to  the  trailing  flame  (Fig.  4).  The  Cj  chemistry  in  Case  1 
(Fig.  9a)  again  overpredicted  the  methyl  radical  and  formaldehyde  mole  frac¬ 
tions  on  the  fuel  side.  In  all  cases  (Fig.  10),  the  oxygen  consumption  rate  was 
widely  distributed  over  the  entire  reaction  zone,  closely  following  the 
heat-release  rate  and  water  vapor  production  rate. 

The  results  for  Case  2  are  presented  in  more  detail  in  Fig.  11.  Figure  11a  shows 
the  molar  reaction  rates  of  individual  elementary  reaction  steps.  Unlike  the 
results  for  the  trailing  diffusion  flame  zone  (Fig.  6a),  the  paring  of  forward  and 
backward  reactions  is  no  longer  obvious  (except  for  R7/R8),  thus  departing  far¬ 
ther  away  from  the  partial  equilibrium.  As  a  result,  the  net  reaction  rates 
(Fig.  11b)  generally  increased  several  times;  particularly,  those  of  the  chain 
branching  reaction  H  +  O2  — >  OH  +  O  ((0i_2)  and  methyl  oxidation  CH3  +  O 
CH2O  +  H  (CO46)  were  enhanced  nearly  an  order  of  magnitude.  It  is  also  noticed 
that  the  clear  separation  in  four  zones  in  the  radial  direction  observed  in  the  trail¬ 
ing  flame  does  not  exist  and  that  reactions  involving  HO2  (CO9-10  O)  n)  are 
still  evident  on  the  air  side.  Fig.  11c  shows  the  net  heat-release  rates  of  individual 
reaction  steps.  The  most  striking  feature  is  a  ten-fold  increase  in  Qaq  compared 
to  that  in  the  trailing  flame  (Fig.  6c).  Other  positive  contributions  besides  the 
product  formation  (qs+e  ^-nd  ^25+26)  include  the  oxidation  reactions 
(<729, <741,  and  459)  and  HO2  reactions  (<79+10,^11,  and  qi^).  The  negative 
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FIGURE  9  Variations  of  the  calculated  temperature  and  species  mole  fractions  across  the  reaction 
kernel  (z  =  (a)  Case  1,  z  =  2.98  mm;  (b)  Case  2,  z  =  4.13  mm;  and  (c)  Case  3,  z  =  2.38  mm 

contributors  are  the  chain-branching  reaction  {qw)  and  hydrocarbon  decompo¬ 
sition  reactions  fe-f  33  J  977+78?  and  966+67)* 

The  reaction  paths  in  the  reaction  kernel  are  summarized  in  Fig.  12.  In  the 
reaction  kernel,  the  chain  radical  species  (H,  OH,  O)  and  the  fuel  fragments  (CH3 


r  (mm) 


FIGURE  10  Variations  of  the  calculated  species  formation  rate  across  the  reaction  kernel  (z-  Zk).  (a) 
Case  1 ,  z  =  2.98  mm;  (b)  Case  2,  z  =  4.13  mm;  and  (c)  Case  3,  z  =  2.38  mm 


and  H2)  formed  in  the  high  temperature  reaction  zone  downstream  could  diffuse 
back  downward  directly  into  the  oxygen-rich  (fuel-lean)  reaction  kernel  against 
the  upward  oxidizing  flow.  As  a  result,  the  H  attack  on  O2  promoted  the  chain 
branching  reaction  H  +  O9  ->  OH  +  O  (Rl)  and  subsequent  chain  reactions,  thus 
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5.5  6  6.5 

r  (mm) 


FIGURE  11  Variations  of  the  calculated  (a)  individual  reaction  rates,  (b)  net  reaction  rates,  and  (c)  net 
heat-release  rates  of  major  elementary  steps  across  the  reaction  kernel  {z  =  Z\)-  Case  2,  z  =  4.13  mm 


building  up  the  radical  pool  at  high  reaction  rates.  In  addition  to  the  H  attack  on 
CH4  (R51),  the  OH  radical  also  participated  to  the  CH4  dehydrogenation  (R53). 
More  importantly,  the  O  attack  on  CH3(R46)  (peak  0)45  -  8  x  10“^  mol/cm^s) 
significantly  surpassed  the  other  pathways  (co  ^2  11  =  6  x  10  mol/cm  s,  0)47  = 
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2.5  X  10“^  mol/cm^s)  and  predominantly  contributed  (peak  »  230  J/cm  s) 
to  the  total  heat-release  rate  peak  at  the  reaction  kernel  480  J/cm^s). 


Fuel  Side  ^  PeakQ,T  ^  Air  Side 


FIGURE  12  Row  diagram  for  the  oxidation  of  CH4  in  the  reaction  kernel  Peak  net  reaction  rate:  --> 
0.00006  -  0.0001  mol/cm^s;  0.0001-0.0003  mol/cm^s;  4-  >0.0003  mol/cm^s.  Case  2 

Figure  13  shows  the  variations  of  the  selected  variables  as  a  function  of  the 
mixture  fraction  across  the  reaction  kernel.  The  mixture  fractions  at  both  temper¬ 
ature  and  total  heat-release  rate  peaks  for  Cases  1-3  were  approximately  0.05, 
which  was  smaller  than  the  stoichiometric  value  for  methane-air  combustion 
(0.055)  in  contrast  to  the  greater  value  in  the  trailing  flame  (Fig.  8).  The  high 
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concentration  of  oxygen  in  a  wide  range  and  the  fuel  efflux  onto  the  air  side  ena¬ 
bled  the  CH4  decomposition  and  oxidation  even  on  the  fuel  side.  Consequently,  a 
wide  overlapping  zone  of  high  XcHz  and  Xq  was  created  on  the  air  side  and, 
thus,  the  heat-release  rate  peak  widened  and  shifted  toward  the  air  side. 

Reaction  Kernel  Standoff  Distance 

The  axial  location  of  the  reaction  kernel  shifted  downstream  as  the  C2  chemistiy 
was  added:  Case  1,  ~  3  mm,  Case  2,  «  4  mm.  As  a  result  of  the  additional 

methyl  radical  destruction  step  to  form  ethane,  the  methyl  concentration  dropped 
significantly  on  the  fuel  side  (peak  -0,0006  for  Case  1  [Fig.  9a],  -0.0002 
for  Case  2  [Fig.  9b]).  The  additional  reactions  for  the  C2  path  through  R47  con¬ 
sumed  CH3  in  the  fuel  side  and  competed  with  the  formaldehyde  formation 
(R46).  Furthermore,  the  C2  path  might  compete  with  other  species  for  radicals. 
Thus,  the  overall  methane  decomposition  and  oxidation  processes  slowed  down, 
thereby  shifting  the  reaction  kernel  downstream  (upward)  to  a  new  stabilizing 
point  and  gaining  a  longer  fuel-air  mixing  time. 

Because  the  standoff  distance  directly  relates  to  the  mechanism  for  flame  stabi¬ 
lization,  the  influence  of  individual  rate  coefficients  of  methane  and  methyl  con¬ 
sumption  reaction  steps  (R43-R53)  was  investigated  by  a  unique  approach;  the 
reaction  rates  were  artificially  decreased  1/10  or  increased  10  times  for  Case  2. 
Although  the  procedure  resembles  the  conventional  sensitivity  analysis,  in  which 
the  effect  of  a  small  change  in  the  reaction  rate  on  the  rate-related  quantity  is 
examined,  here  the  reaction  rate  was  varied  rather  substantially  to  see  the  effect 
on  a  global  property;  i.e.,  the  standoff  distance.  In  this  manner,  important  reac¬ 
tions  in  flame  stabilization  can  be  identified  and  their  relations  to  the  two-dimen- 
sionally  distributed  flame  structure  can  be  revealed.  Case  2  was  used  to  include 
C2  chemistry  effect,  and  the  number  of  time  steps  was  limited  to  3000  to  obtain 
reasonable  results  within  acceptable  computation  times.  Figure  14  shows  the 
changes  in  the  standoff  distance  of  the  reaction  kernel  (Az\^,  in  which  positive 
values  indicate  the  flame-base  movement  away  from  the  burner  rim  and  negative 
is  vice  versa.  In  a  global  sense,  higher  rates  of  fuel  oxidation  move  the  flame 
base  toward  the  rim  (stabilizing)  and  vice  versa  (destabilizing).  More  precisely 
froni  the  chemical  kinetics  standpoint,  there  are  several  influential  factors;  i.e., 
whether  the  initial  magnitudes  of  cOy  and  reactants’  are  large  or  small  among 
others,  whether  a  radical  species  is  formed  or  destroyed,  whether  the  direction  of 
the  reaction  is  for  or  against  the  general  oxidation  pathways,  and  whether  it  is 
exothermic  (positively)  or  endothermic  (negative  gy). 
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FIGURE  13  (a)(b)  Variations  of  the  calculated  species  mole  fractions,  temperature,  and  total 

heat-release  rate  as  a  function  of  the  mixture  fraction  across  the  reaction  kernel  (z  =  z^). - ,  Case  1, 

z  =  2.98  mm;  ~ — ,  Case  2,  z  =  4.13  mm; - ,  Case  3,  z  =  2.38  mm 


The  most  significant  influence  was  observed  for  both  increased  and  decreased 
rates  of  the  CH4  +  H  CH3  +  H2  reaction  (R51)  (flame  destabilizing  and  stabi¬ 
lizing,  respectively)  and  the  increased  rate  of  the  reverse  reaction  (R49)  (stabiliz¬ 
ing).  Although  this  reaction  was  a  major  fuel  decomposition  step  in  the  CH4 
oxidation  (Fig.  1 2),  XcH4  ^  order  of  magnitude  larger  than  other  hydrocar¬ 
bon  fragments  (Fig.  8)  and  the  initial  (1)51  was  large  («8xl0  ^  mol/cm^s  at  the 
peak,  see  Fig.  11a)  on  the  fuel  side  of  the  reaction  kernel.  As  a  result,  R51  with 
IOXCO5J  efficiently  removed  the  H  atoms,  which  were  needed  for  the 
chain-branching  reaction  (Rl)  to  establish  the  radical  pool,  thus  causing  the 
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FIGURE  14  Influence  of  the  variation  of  individual  rate  coefficients  by  a  factor  of  I/IO  or  10  on  the 
calculated  standoff  distance  of  the  reaction  kernel  of  a  methane  jet  diffusion  flame.  Case  2 


flame  destabilizing  effect.  Because  (O49  was  an  order  of  magnitude  smaller 
(«8xl0“^  mol/cm^s  at  the  peak)  than  (O51,  the  ten-fold  increase  of  0)49  resulted  in 
a  flame  stabilizing  effect  similar  to  that  of  a  1/10  decrease  in  (O51,  but  a  1/10 
decrease  of  already-small  CO49  exerted  a  much  smaller  destabilizing  impact  com¬ 
pared  to  10XC05J.  An  increase  in  the  rate  of  the  CH3  +  02-^  CH2O  +  OH  reac¬ 
tion  (R48)  also  moved  the  flame  base  close  to  the  rim  (stabilizing).  Because  of 
the  partial  premixing  and  the  abundance  of  molecular  oxygen  around  the  reaction 
kernel,  the  oxidation  processes  via  formaldehyde  are  considered  to  be  the  major 
route  similar  to  premixed  combustion  (Wamatz,  1984).  Thus,  because  the  initial 
0)48  was  small  (==3x10"^  mol/cm^s  at  the  peak),  its  lOx  increase  contributed  to 
accelerate  the  oxidation  in  addition  to  the  major  contributor  CH3+  O 
CH2O  +  H  (R46)  (see  Fig.  12).  The  effect  of  the  1/10  decrease  of  already-small 
©48  was  as  small  as  that  for  R49.  The  effect  of  the  major  CH3  oxidation  reaction 
(R46)  was  more  complicated  (lOx  and  1/10  changes  were  both  flame  destabiliz¬ 
ing).  Because  the  initial  ©45  was  large  («8xl0“^  mol/cm^s  at  the  peak),  its  lOx 
increase  effectively  removed  the  O  atoms  and  1/10  decrease  cut  off  the  main  oxi¬ 
dation  path,  thus  both  experiencing  the  destabilization  effect.  The  CH3  +  H 
CH2+  H2  reaction  (R43)  also  influenced  significantly  the  standoff  distance  by 
affecting  another  oxidation  path  CH4  CH3  CH2  CH  CHO  CO 
(Fig.  12).  Because  the  initial  ©43  was  small  («6xl0”^  mol/cm^s  at  the  peak). 
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increasing  a)43ten  times  promoted  the  oxidation  route  in  parallel  to  the  formalde¬ 
hyde  route  through  R46  (Fig.  12)  without  significantly  removing  the  H  atoms, 
thus  exerting  the  flame  stabilizing  effect.  Since  CO44  was  small 
(~2xl0~^  mol/cm^s),  its  1/10  effect  was  negligible.  Although  R45  was  similar  to 
R43,  R45’s  direction  was  opposite  that  of  R43  with  respect  to  the  fuel  decompo¬ 
sition/oxidation  pathways,  resulting  in  the  reverse  effect.  The  R53/R50  reactions 
had  similar  effects  with  R51/49  in  removing  radical  species,  but  with  a  much 
smaller  magnitude  because  the  OH  radical  reaction  (R5)  played  a  lesser  role  than 
the  chain-branching  reaction  by  the  H  atom  (Rl)  in  the  radical  pool  buildup 
(Fig.  12).  Since  R52  was  chain  carrying  and  CO52  was  moderate 
(«2xl0”'^  mol/cm^s),  its  lOx  increase  helped  the  fuel  decomposition  without 
having  much  impact  on  the  radical  pool,  thus  resulting  in  the  flame  stabilizing 
effect;  the  1/10  effect  is  vice  versa.  The  increase  in  CO47  for  the  C2  pathway  was 
flame  destabilizing  because  of  the  competition  with  R46  for  CH3  and  delayed  the 
global  fuel  oxidation  processes,  but  its  impact  was  relatively  small  probably 
because  no  chain  radicals  were  involved  in  the  reaction. 

Therefore,  the  fate  of  hydrogen  atom;  i.e.,  the  competition  between  the  rates  of 
H  removal  by  methane  (R51)  and  the  chain-branching  reaction  with  molecular 
oxygen  (Rl),  and  the  fate  of  methyl  radical;  i.e.,  the  competition  between  the 
rates  of  the  major  methyl  oxidation  step  (R46)  and  others  (R48,  R43),  played  key 
roles  in  determining  the  location  of  the  base  of  the  shifted  diffusion  flames.  Thus, 
in  diffusion  flames,  the  rates  of  individual  reactions  are  coupled  with  the  flame 
structure  (i.e.,  the  2D  distributions  of  species  concentrations,  fluxes,  production 
rates,  temperature,  and  velocity)  around  the  reaction  kernel  and  are  indeed 
important  in  flame  stabilization. 

Flame  Stabilization 

Figure  15  shows  the  variations  in  (a)  the  temperature  and  heat-release  rate;  (b) 
axial  and  radial  velocity  components;  (c)  convective,  diffusive  molar  fluxes,  and 
consumption  rates  of  oxygen;  and  (d)  methane  along  the  flame  zone  for  Cases  1 
through  3.  The  abscissa  is  the  axial  distance  from  the  reaction  kernel  (z  -  Zk) 
the  radial  location  following  the  maximum  temperature  envelope.  The  results 
using  the  maximum  heat-release  rate  envelope  (not  shown)  are  similar.  For  all 
cases,  the  variations  are  similar;  the  temperature  reached  1510-1545  K  at  the 
reaction  kernel  and  asymptotically  approached  1900-2000  K,  with  Case  1  high¬ 
est  and  Case  3  lowest  (Fig.  15a).  Because  the  axial  (or  total)  velocity  along  the 
flame  zone  kept  increasing  downstream  (Fig.  15b),  the  trailing  diffusion  flame 
might  drift  away  downstream  if  not  supported  by  upstream  portions.  The  diffu¬ 
sive  molar  fluxes  and  consumption  rates  of  oxygen  (Fig.  15c)  and  fuel  (Fig.  15d) 
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peaked  near  the  reaction  kernel  {z  -  Z]f),  Si  sink  of  the  reactants.  In  addition,  the 
convective  contribution  to  the  total  oxygen  flux  was  also  several  times  larger  at 
the  reaction  kernel  than  that  in  the  trailing  flame  because  of  the  high  concentra¬ 
tion  of  oxygen  (Fig.  9b)  in  the  broadened  reaction  zone  (Fig.  15c).  Thus,  the 
reactivity  (peak  g,  ~u>ch4>  and  ^Hao)  at  the  reaction  kernel  is  sev¬ 

eral  times  larger  than  that  in  the  trailing  diffusion  flame.  Therefore,  the  reaction 
kernel  apparently  stabilized  the  trailing  flame ;  the  reaction  kernel  provided  a  sta¬ 
tionary  ignition  source  to  the  incoming  reactants  and  sustains  stable  combustion 
in  the  flow  field.  As  the  reaction  kernel  secures  the  stable  combustion,  the  trail¬ 
ing  diffusion  flame  zone  can  be  successively  supported,  thus  keeping  the  flame 
from  lifting. 

CONCLUSIONS 

The  current  comprehensive  numerical  simulations  revealed  the  detailed  flame 
structure,  including  the  chemical  kinetic  nature,  of  the  stabilizing  region  of  lami¬ 
nar  methane  jet  diffusion  flames.  A  unique  geometric  configuration  of  the  flame 
edge  (base)  allowed  fuel  fragments  and  radical  species  formed  in  the  high-tem¬ 
perature  reaction  zone  (mainly  CH3  and  H2  on  the  fuel  side  and  H,  OH,  and  O  on 
the  air  side)  to  diffuse  back  downward  against  the  upward  oxidizing  flow  and 
react  each  other  and  with  molecular  oxygen.  Consequently,  the  reaction  kernel 
with  the  highest  reactivity  (g,  -~cl>02>  ^n2o)  was  formed  in  a  relatively 

low-temperature  (<1600  K),  oxygen-abundant  {X02  >  0.06),  broadened  reac¬ 
tion  zone  at  the  flame  base.  In  the  reaction  kernel,  the  net  rate  of  the 
chain-branching  reaction  H  +  O2  OH  +  O  (Rl)  was  augmented  by  an  order  of 
magnitude  compared  to  that  in  the  trailing  flame,  and  the  major  CH3  oxidation 
reaction  CH3  +  O  CH2O  +  H  (R46)  predominantly  contributed  to  the 
heat-release  rate  peak.  The  calculated  standoff  distance  of  the  reaction  kernel 
was  comparable  to  that  observed  experimentally  with  some  variations  due  to  the 
chemical  kinetic  model  used.  Nevertheless,  the  calculated  reaction  kernel  struc¬ 
ture  was  nearly  identical  for  all  chemistry  models,  except  that  the  Cj -chemistry 
model  overpredicted  methyl  and  formaldehyde  mole  fractions  on  the  fuel-side  of 
the  flame  zone.  As  C2“Chemistry  was  added  in  the  PetersAVamatz  mechanism 
(Case  1  to  2),  the  overall  methane  decomposition  and  oxidation  processes  were 
delayed  by  additional  radical  removal  by  hydrocarbons,  thus  shifting  the  reaction 
kernel  farther  downstream.  The  standoff  distance  was  sensitive  to  methane  and 
methyl  consumption  reactions,  particularly  the  CH4+  H  <=^  CH3  +  H2  reactions 
(R51/R49),  which  compete  for  the  H  atoms  with  Rl,  and  the  CH3  +  O2 
CH2O  +  OH  reaction  (R48),  which  augment  the  CH3  oxidation  in  addition  to 
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FIGURE  15  Variations  of  the  calculated  (a)  temperature  and  heat  release  rate;  (b)  axial  and  radial 
velocity  components;  (c)  convective,  diffusive  molar  fluxes,  and  consumption  rate  of  oxygen;  and  (d) 
methane  along  the  maximum  temperature  envelope  in  the  stabilizing  region  of  a  methane  jet  diffusion 
flame. - ,  Case  1,  Zv  =  2.98  mm; - ,  Case  2,  =  4.13  mm; - ,  Case  3,  zj.  ==  2.38  mm 
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R46.  Therefore,  in  a  global  sense,  the  rates  of  these  reactions  (Rl,  R46,  R51,  and 
R48)  are  critical  to  determining  how  fast  the  reactants  can  be  consumed  and 
whether  or  not  the  stationary  reaction  kernel  can  be  formed  in  the  incoming  oxi¬ 
dizing  flow  with  a  certain  velocity.  If  the  reactions  cannot  be  completed  within 
the  residence  time  available,  the  stationary  reaction  kernel  cannot  be  sustained, 
the  trailing  flame  drifts  away  downstream,  and  the  flame  eventually  lifts  or 
blows  off.  The  knowledge  of  the  detailed  chemical  kinetic  structure  of  the  reac¬ 
tion  kernel  -  an  essential  part  of  the  flame  stabilization  mechanism  -  may  lead  to 
a  means  to  augment  flame  holding  or  retard  fire  spread. 


NOMENCLATURE 

A  A  coefficient  used  in  the  finite-difference  equation 

Pre-exponential  factor  in  the  Arrhenius  rate  expression 
Cp  Specific  heat  at  constant  pressure 

D/jjj  Diffusion  coefficient  for  species  i  in  the  mixture 
E  Activation  energy 

g  X  Gravitational  acceleration 
H  Enthalpy 

h  Total  enthalpy 

/jO  ^  Standard  heat  of  formation  for  species  i 

Le  Lewis  number 

M  Molecular  weight 

M  Molar  flux  vector 

iVg  Total  number  of  species 

p  Pressure 

q  Heat-release  rate 

Rq  Universal  gas  constant 

r  Radial  distance 

5^  Source  term  in  the  <I>-equation 

T  Temperature 

t  Time 

u  Axial-velocity  component 
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U  Mean  velocity 

V  Radial-velocity  component 

V  Velocity  vector 

Xi  Mole  fraction  of  species  i 

Yi  Mass  fraction  of  species  i 

z  Axial  distance 

a  A  constant  appearing  in  the  modified  Arrhenius  rate  expression 

0  Equivalence  ratio 

0  A  flow  variable 

Transport  coefficient  in  the  <D>-equation 
X  Thermal  conductivity 

|X  Viscosity 

p  Density 

pQ  Density  of  air 

oji  Mass  rate  of  production  of  species  i 

u)i  Molar  rate  of  production  of  species  i 

Oij,  cojt  Molar  reaction  rates  for  the  reaction  step  j  and  k,  respectively 
^  Mixture  fraction 

Subscripts 

a  Co-flowing  air 

i  Species  i 

j  Jet  fluid 

7,  k  Reaction  steps  j  and  k,  respectively 

k  Reaction  kernel 

P  Reference  grid  point 

Z*',  Grid  points  adjacent  to  P  in  the  positive  z  and  r  directions,  respec¬ 

tively 

^++  points  away  from  P  in  the  positive  z  and  r  directions, 

respectively 

z',  f  Grid  points  adjacent  to  P  in  the  negative  z  and  r  directions, 
respectively 

z",  r"  Two  grid  points  away  from  P  in  the  negative  z  and  r  directions, 
respectively 
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Superscripts 

N,N-¥\  Time-Step  numbers 
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Steady  tw^o-dimensional  partially  premixed  slot-burner  flames  established  by  introducing  a  rich  fuel-air 
mixture  from  the  inner  slot  and  air  from  the  two  outer  slots  are  investigated.  Numerical  simulations  are 
conducted  using  detailed  chemistry,  velocity  measurements  are  made  using  particle  image  velocimetry 
and  images  of  the  chemiluminescent  reaction  zones  are  obtained.  Two  reaction  zones  are  evident;  one  in 
an  inner  rich-side  premixediike  flame  and  the  other  in  an  outer  lean-side  non-premixed  flame.  Validation 
of  the  predictions  involves  a  comparison  of  the  (1)  premixed  and  non-premixed  flame  heights,  (2)  the 
double-flame  structure,  and  (3)  velocity  vectors.  The  measured  and  predicted  velocity  vectors  are  in  good 
agreement  and  show  that  the  flame  interface  separates  smaller  velocity  magnitudes  on  the  reactant  side 
from  larger  values  on  the  (partially)  burned  side.  The  outer  flame  temperature  is  higher  than  that  of  the 
inner  premixed  flame.  A  substantial  amount  of  methane  leaks  past  the  inner  flame  and  reacts  in  the  outer 
non-premixed  zone.  The  inner  flame  produces  partially  oxidized  products  such  as  H2  and  CO,  which 
provide  the  fuel  for  the  non-premixed  flame.  The  initiation  reaction  CH4  +  H  <=>  CH3  +  H2  proceeds 
strongly  at  the  base  of  the  flame  where  both  the  inner  and  outer  flames  are  connected  and  at  the  tip  of 
the  inner  flame,  and  it  is  weak  along  the  sides  of  both  inner  and  outer  flames  in  accord  with  the  chemi¬ 
luminescent  images.  Carbon  dioxide  formation  through  the  reaction  CO  +  OH  •€=>  CO2  +  H  is  more 
diffuse  than  methane  consumption  in  the  outer  flame,  because  the  availability  of  hydroxyl  radicals  in  that 
region  is  limited  through  oxidizer  transport. 


Introduction 

Partially  premixed  flames  are  established  when  a 
fuel-rich  mixture  is  separated  from  a  fuel-lean  mix¬ 
ture  by  the  flame,  and  both  fuel  and  oxidizer  are 
simultaneously  present  on  at  least  one  side  of  the 
flame  interface,  A  generic  partially  premixed  flame 
consists  of  two  streams  widi,  respectively,  rich  and 
lean  side  equivalence  ratios  where  1  < 

<  00  and  0^  [1].  Partially  premixed  flames 

may  also  occur  in  those  regions  of  non-premixed 
flames  where  fuel-air  mixing  ensues  as  a  conse¬ 
quence  of  local  quenching  (e.g,,  during  flame  liftoff) 
and  in  premixed  applications  due  to  poor  initial  mix¬ 
ing.  For  instance,  Rogg  et  al.  [2]  have  observed  that 
partial  premixing  of  laminar  flamelets  is  essential  for 
the  prediction  of  non-premixed  turbulent  flame 
structure.  In  spray  flames,  nonuniform  evaporation 
can  re.sult  in  locally  fuel-rich  regions  in  which  burn¬ 
ing  occurs  in  tlie  partially  premixed  mode. 


^Present  address;  Innovative  Scientific  Solutions,  Inc. 
Dayton,  OH  45430. 


Previous  investigations  of  partially  premixed 
flames  have  employed  counterflow  and  coflow  flame 
configurations  [2-ii].  Yamaoka  andTsuji  [3-5]  have 
investigated  partially  premixed  flames  established  in 
the  forward  stagnation  region  of  a  porous  cylinder 
that  was  immersed  in  a  unifonn  air  stream  and  ob¬ 
served  that,  depending  on  the  stoichiometry  of  the 
remixed  mixture,  two  separate  reaction  zones  could 
e  established.  Opposed-jet  counterflow  flame  stud¬ 
ies  have  shown  partial  premixing  to  make  the  flames 
less  resistant  to  stretch  under  certain  circumstances 
and  for  these  flames  to  exhibit  both  a  diffusion  and 
premixediike  structure  [6-8].  More  recent  investi¬ 
gations  have  focused  on  unsteady  flames  [9-11].  The 
objective  of  this  investigation  is  to  (1)  investigate  the 
flame  structure  of  two-dimensional  partially  pre¬ 
mixed  flames  in  greater  detail  and  (2)  provide  ex¬ 
perimental  validation  for  our  numerical  model. 

Procedure 

Numerical  Method 

A  time-dependent  two-dimensional  model  based 
on  a  direct  numerical  simulation  methodology  is 
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employed,  and  a  relatively  detailed  17-species,  52- 
step  mechanism  proposed  by  Peters  [12]  is  used  to 
represent  the  CH4-air  chemistry  The  governing 
equations  can  be  written  in  Cartesian  coordinates  {x, 
y)  in  the  form 

dt  dx  By  ftc  V  dxj 


where  p  represents  the  density  andw  andu  the  trans¬ 
verse  (x)  and  axial  (r/)  velocity  components,  respec¬ 
tively.  The  general  form  of  the  foregoing  equation 
represents  either  of  the  mass,  momentum,  species, 
or  energy  conservation  equations.  The  transport  co¬ 
efficient  and  the  source  terms  appearing  in 
the  governing  equations  are  provided  in  Ref.  [10]. 
Using  the  overall  species  conservation  equation  and 
the  equation  of  state  completes  the  set  of  governing 
equations.  A  detailed  algorithm,  similar  to  that  in 
CHEMKIN  [13],  is  employed  to  calculate  the  ther¬ 
modynamic  and  transport  properties.  The  equations 
are  integrated  by  using  a  finite-control  volume  ap¬ 
proach  with  a  staggered,  nonuniform  grid  system. 
The  finite-difference  forms  of  the  momentum  equa¬ 
tions  are  obtained  using  an  implicit  scheme  [14], 
while  those  of  the  species  and  energy  equations  are 
obtained  using  a  hybrid  scheme  [15].  Further  details 
about  the  numerical  procedure,  validation,  and  the 
treatment  of  boundary  conditions  are  provided  in 
earlier  publications  [10,11,16-19]. 

Expe^rimental  Method 

Instantaneous  measurements  of  the  velocity  vec¬ 
tors  and  the  flame  heat  release  are  made.  We  have 
used  instruments  that  can  be  readily  used  to  char¬ 
acterize  analogous  unsteady  flames  that  are  to  be  the 
focus  of  a  subsequent  investigation. 

Particle  image  velocimetry 

Particle  image  velocimetry  (PIV)  is  a  useful 
method  to  gain  quantitative  instantaneous  informa¬ 
tion  about  an  unsteady  flow  field.  Using  this  tech¬ 
nique,  a  portion  of  the  flow  field  is  illuminated,  and 
the  Lorenz-Mie  scattering  from  seed  particles  is  im¬ 
aged.  Although  the  technique  is  valuable,  imple¬ 
menting  it  in  reacting  flows  presents  challenges  due 
to  the  large  range  of  particle  seeding  densities  that 
are  required  due  to  flow  dilatation  [20]  so  that  only 
a  few  applications  to  combustion  systems  have  been 
reported  [21-28],  none  for  partially  premixed 
flames. 

The  particle  illumination  source  consists  of  a  dou¬ 
ble-pulsed  Continuum  NdrYAG  laser,  and  the  flow 
is  seeded  with  Ti02  particles.  Particle  images  are 
captured  two  times  (due  to  the  double  pulse)  using 
a  TI  RS-170  CCD  camera.  The  digitized  image  is 


fed  to  an  array  processor  and  analyzed  using  com¬ 
mercial  autocorrelation  software  obtained  from  TSI. 
The  analysis  involves  dividing  the  image  into  a  grid 
and  taking  a  two-dimensional  fast  Fourier  transform 
(FFT)  of  tlie  sections  to  determine  the  peak  inten¬ 
sity  locations.  The  distances  between  those  locations 
are  measured,  and  a  velocity  vector  is  predicted.  Sev¬ 
eral  precautions  are  taken  to  ensure  reliability.  Each 
interrogation  spot  contains  more  tlian  10  particle  im¬ 
age  pairs.  Through  extensive  trial  and  error,  the  in¬ 
terrogation  spot  size  is  made  small  enough  for  a  sin¬ 
gle  vector  to  describe  the  flow  at  that  location,  and 
the  laser  sheet  is  made  thick  enough  for  out-of-plane 
particle  motion  to  not  be  problematic  and  for  suffi¬ 
cient  particle  pairs  to  be  present.  The  particle  dis¬ 
placement  is  kept  greater  than  two  particle  image 
diameters  but  not  more  than  one-quarter  of  tlie  in¬ 
terrogation  spot  size.  The  overlap  between  spots  is 
adjusted  to  increase  tlie  vector  density.  Further  de¬ 
tails  of  the  PIV  system  are  contained  in  Ref.  [29]. 

C2-radicaI  imaging 

In  general,  the  chemiluminescent  emission  from 
flames  may  be  interpreted  as  a  signature  of  chemical 
reaction  and  heat  release  from  which  the  flame  ge¬ 
ometry  can  be  determined  [30-33],  The  excited 
states  of  CH  and  OH  have  been,  respectively,  sug¬ 
gested  as  the  major  emitters  from  the  premixed  and 
non-premixed  reaction  zones  of  partially  premixed 
flames  [34].  The  excited  C*  free  radicsJ  species  is 
short-lived  and  is  also  a  good  indicator  of  the  reac¬ 
tion  zone  [32],  and  its  light  intensity  is  known  to  vary 
linearly  with  the  volumetric  heat  release  [33].  Spec¬ 
tral  emission  images  are  obtained  at  the  473-nm 
wavelength  (1,0)  C2  Swan  band  [35].  We  have  used 
an  ITT  F4577  513  X  480  pixel  intensified  camera 
and  a  narrow  wavelength  interference  filter  (470  ± 
10  nm).  The  spectral  response  of  the  CCD  camera 
is  relatively  fiat  in  the  range  between  420  and  900 
nm  and  is  «"0.02  ampsAV  at  470  nm.  The  images  are 
transferred  to  a  frame  grabber  (P360F,  Dipix)  and 
processed  after  subtracting  a  representative  back¬ 
ground  image  to  obtain  a  histogram  that  consists  of 
a  matrix  in  which  each  pixel  gray  level  is  represented 
by  an  integer  N  in  the  range  0  ^  N  ^  256. 

Configuration 

The  flames  are  established  on  a  rectangular  Wolf- 
hard-Parker  slot  burner,  a  schematic  diagram  of 
which  is  shown  in  Fig.  1.  A  rich  fuel-air  mixture  is 
introduced  from  the  inner  slot  and  air  from  the  two 
outer  slots.  The  aspect  ratio  of  the  inner  slot  is  5.6, 
and  the  three-slot  burner  establishes  a  flame  with 
two  identical  two-dimensional  flame  sheets  [36].  In 
such  a  rectangular  geometry,  where  cross-stream 
line-of-sight integration  maybe  acceptable,  emission 
measurements  provide  an  inexpensive  alternative  to 
more  sophisticated  laser-based  methods.  The 


852 


PARTIALLY-PREMIXED  METHANE-AIR  FLAME  STRUCTURE 


627 


Stagnant  Air 


Fig.  1.  Schematic  diagram  of  the 
burner  that  consists  of  an  inner  7.5- 
mm  slot  with  two  15.5-mTn  outer 
slots  on  either  side  of  it.  The  wail 
thickness  separating  the  slots  is  1 
nim.  Ceramic  flow  straighteners  are 
placed  in  all  three  slots. 


Fig.  2.  C2-eniission  images  from 
flames  established  at  —  2,  = 

30  cm  s“^  and  (successively  from 
left  to  right)  =  20,  30,  40,  50, 
and  70  cm  s"k 


numerical  simulations  are  conducted  on  one  side  of 
the  symmetry  plane  of  a  two-dimensional  domain. 
The  other  planes  bounding  the  domain  consist  of 
two  free  surfaces  and  the  inlet  plane. 


Results  and  Discussion 

In  the  experiments,  methane-air  mixtures  are  in¬ 
troduced  through  the  inner  slot  at  fuel-rich  equiva¬ 
lence  ratios  <j>  —  1,  2.5,  and  3.  For  each  of  these 
conditions,  the  inner  and  outer  slot  velocities  (re¬ 
spectively,  and  Vair)  are  varied  such  that 
—  20,  30,  40,  50,  and  70  cm  s“^  and  —  30,  50, 
and  70  cm  s"^  Figure  2  contains  a  representative 
set  of  Cf -emission  images  for  flames  established  at 
fixed  values  of  <l>  and  but  at  the  five  reactant  flow 


velocities.  Two  distinct  reaction  zones  are  evident, 
one  each  on  the  rich  and  lean  sides  of  the  flow.  The 
flames  exhibit  a  double-flame  structure  over  the 
range  of  flow  rates  investigated.  In  analogous  coun¬ 
terflow  flames  established  at  this  stoichiometry,  the 
two  flames  were  found  to  be  merged  [37],  although 
it  is  known  that  the  double-flame  structure  exists  at 
low-enough  flame  stretch  rates  [34].  This  indicates 
that  the  slot  burner  flame  adjusts  to  locations  where 
the  fuel-side  stretch  rates  are  low  and  exhibits  a  dou¬ 
ble-flame  structure. 

Both  the  inner  and  outer  flame  heights  grow  as 
the  reactant  velocity  (and,  thereby,  reactant  flux)  in¬ 
creases.  The  two  flame  heights  also  increase  as  the 
equivalence  ratio  is  raised,  because  the  stoichiome¬ 
try  moves  from  a  premixedlike  mode  (<^  ->  1)  to  a 
non-premixed  condition  ((j>  — >  oo)  so  that  the  flame 
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Average  nxcl  Intensity,  AU 

Fig.  3.  Correlation  of  the  predicted  heat-release  rate  Q  based  on  the  measured  flow  rates  with  the  average  pixel  C2- 
chemiluminescence  intensity  /.  The  linear  relationship  is  of  the  form  Q  —  0,036/.  Bars  represent  the  standard  error. 


Fig.  4.  Correlation  of  the  inner 
(Li)  and  outer  (Lq)  flame  heights 
with  the  function 

““  D'  The  closed  and  open 
symbols,  respectively,  denote  the 
outer  and  inner  flame  heights.  The 
circles  and  triangles  (•  and  A),  re¬ 
spectively,  represent  the  measured 
and  predicted  values.  Six  flame 
heights  are  predicted  for  the  condi¬ 
tions  <f>  ^  2,  V^eac  —  20, 30,  40,  and 
50  cm  s“h  Vair  =  30  cm  s"h  and  <i> 
=  2.5,  Vreac  =  30  and  50  cm  s“‘, 
Vair  =  30  cm  s“h 


becomes  mixing  limited.  Increasing  tlie  outer  veloc¬ 
ity  decreases  botli  flame  heights  because  the  higher 
air-side  flux  reduces  the  outer  (non-premixed-^e) 
flame  height,  which,  in  turn,  interacts  with  the  inner 
(premixedlike)  flame  whose  height  also  declines. 

The  CJ  emission  signal  is  confined  to  relatively 
thin  sheetlike  reaction  zones.  For  that  reason,  the 
total  signal  is  directly  proportional  to  the  flame  sur¬ 
face  area  and  is  well  correlated  with  the  reactant  flow 
rate  in  accord  with  previously  reported  results 
[33,38].  Figure  3  contains  a  plot  of  the  average  pixel 
intensity  I  with  respect  to  the  predicted  heat-release 
rate  Q  based  on  the  reactant  flow  rate  in  the  form 


of  a  linear  relationship  Q  =  aL  The  chemilumines¬ 
cence  images  are  directly  proportional  to  the  Cf  for¬ 
mation  rate  and,  thus,  serve  as  a  qualitative  rate  mea¬ 
sure  of  the  flame  chemistry  [39]. 

Figure  4  contains  a  correlation  of  both  flame 
heights  with  the  function  F  =  V^eacfl  +  ^reac^airM 
1).  The  measured  outer  flame  height  Lq  data 
show  greater  scatter  than  the  corresponding  inner 
flame  heights  L^.  While  measurements  of  are 
straightfoAvard,  the  outer  flame  emission  provides 
images  consisting  of  two  unclosed  interfaces  on  ei¬ 
ther  side  of  the  inner  slot.  Geometric  tangents  must 
be  superimposed  upon  these  interfaces  in  order  to 
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Fig.  5.  Comparison  of  the  simu¬ 
lated  heat-release  rates  with  the  ex¬ 
perimentally  obtained  C2-chemilu- 
minescence  images  for  three  flames 
established  at  —  2  and  Vair  30 
cm  s’^,  and  with  Vroac  =  20,  30,  and 
40  cm 


evaluate  Lq,  leaving  its  exact  value  open  to  some  in¬ 
terpretation.  Furthermore,  at  higher  values, 
the  outer  flames  become  unsteady  and  begin  to 
slowly  flicker.  Consequently,  the  outer  images  be¬ 
come  somewhat  thicker  and  more  diffuse,  introduc¬ 
ing  additional  error  into  the  tangent  measurements, 
particularly  as  (f)  increases.  Therefore,  some  Lq  val¬ 
ues  are  not  reported.  Regardless  of  these  uncertain¬ 
ties,  the  inner  and  outer  flame  heights  are  well  cor¬ 
related  with  F.  A  linear  best  fit  provides  relations  for 
the  inner  flame  height  Lf  =  (0.3F  +  2)  mm,  and 
the  outer  height  Lq  —  (0.6F  +  20)  mm  in  the  ranges 
25  ^  F  ^  280  mm,  5  ^  L,  ^  85  mm,  and  20  <  Lf 
^  145  mm. 

While  there  is  excellent  agreement  between  the 
measured  and  predicted  values  of  Lq,  a  comparison 
of  the  corresponding  inner  flame  heights  shows  a 
progressively  larger  disagreement  as  F  increases. 
Najm  et  al.  [39]  have  suggested  that  the  largest  share 
of  the  carbon  flow  in  methane-air  flames  is  carried 
by  the  path  CH3  — >  CH2O  CHO  — >  CO  (initiated 
by  the  reaction  CH3  +  O  O  CH2O  +  H),  and  only 
a  minor  amount  by  reactions  involving  the  methyl 
radical  that  finally  produce  excited-state  C2.  The 
predicted  flame  heights  contained  in  Fig,  4  are  based 
on  the  two  peak  axial  centerline  values  of  the  initi¬ 
ation  reaction  CH4  -I-  H  <=>  CH3  +  H2,  correspond¬ 
ing  to  the  inner  and  outer  flames.  Our  analysis  has 
shown  that  the  simulated  flame  heights  based  on  this 
criteria  are  virtually  identical  to  those  based  on  the 
peak  heat- release  rates;  the  peak  rates  of  CH3  +  O 


<=>  CH2O  +  H;  the  peak  CO-formation  rates 
through  the  reaction  CHO  +  M  <=>  CO  4-  H  +  M; 
and  either  the  peak  formyl  radical  mole  fractions  or 
the  peak  CHO  formation  rates  (as  CHO  has  been 
reported  to  be  an  excellent  marker  of  flame  heat 
release  [39]).  Therefore,  tlie  discrepancy  between 
the  predicted  and  measured  values  of  L,-  is  not  due 
to  a  spatial  difference  between  the  predicted  heat 
release  and  measured  C* -emission  regions  and  must 
be  attributed  to  the  rich-side  flame  chemistry.  This 
will  be  the  focus  of  a  subsequent  investigation. 

Figure  5  presents  a  comparison  of  tlie  predicted 
heat-release  rates  with  the  experimentally  obtained 
emission  images  for  four  flames.  The  comparison  is 
less  satisfactory  when  Vreae  is  smaller.  This  may  be 
attributed  to  the  proportionally  larger  heat  losses 
(which  are  not  simulated)  from  the  smaller  flame  to 
the  burner  during  the  experiments.  These  losses  in¬ 
fluence  the  inner  premixedlike  reaction  zone  more 
than  the  outer  transport-limited  non-premixed  re¬ 
action  region.  There  is  good  agreement  when  the  air 
and  reactant  velocities  are  identical,  and  the  com¬ 
parison  again  exhibits  some  discrepancies  when  Vj-eac 
exceeds  V^i^.  Some  differences  are  to  be  expected 
(particularly  on  the  rich  side  and,  consequently,  re¬ 
lated  to  the  inner  flame  heights),  because  C2  chem¬ 
istry  is  neglected  in  the  simulations.  However,  even 
when  a  quantitative  comparison  fails,  it  is  possible  to 
accurately  simulate  the  qualitative  shape  and  struc¬ 
ture  of  the  reaction  zone. 

The  emission  signal  is  strongest  at  the  base  of  the 
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Temperature,  K  CH4  mole  fraction 


CH4  +  H<=>CH3  +  H2 


C0+0H<=>CO2  +  I 


Fig.  6.  (a)  Comparison  of  the  measured  ( -  4  <  x  <  0  mm)  and  predicted  velocity  vectors  (0  ^  x  4  mm)  for  a  flame 
established  dt  4>  —  2>  =  30  cm  s'■^  and  Vreac  =  30  cm  s“L  The  c^orresponding  flame  interface  (chemiluminescent 

image  and  simulated  heat  release)  are  superimposed  on  the  tu'o  plots,  (b)  Comparison  of  the  measured  (•)  and  predicted 
(O)  centerline  velocities  for  a  flame  established  at  ^  =  2,  V^ir  =  30  cm  s"^  and  V^eac  “  30  cm  s"^ 


inner  and  outer  flames,  that  is,  where  the  two  flames 
are  connected.  Both  tlie  simulated  heat-release  rates 
and  the  chemiluminescence  along  the  sides  of  the 
inner  (premixed)  flame  decrease  due  to  stretch  ef¬ 
fects  as  increases,  with  higher  levels  being  as¬ 
sociated  with  the  flame  tip  and  base.  Therefore,  it 
appears  that  the  reaction  zone  is  more  vigorous  at 
the  tip  and  base  of  the  inner  flame  than  along  its 
sides.  The  heat-release  rate  progressively  decreases 
along  the  outer  (non-premixed)  flame  at  down¬ 
stream  locations.  The  non-premixed  reaction  zone 
has  a  weak  tip,  and  reaction  rates  are  stronger  in 
upstream  regions  of  that  flame. 

The  measured  and  predicted  velocity  vectors  are 
compared  in  Fig.  6a.  The  measurements  mirror  the 
simulations,  and  the  flame  interface  separates 
smaller  velocity  magnitudes  on  the  reactant  side 
from  larger  values  on  the  (partially)  burned  side. 
Both  sets  capture  the  air  entrainment  in  the  region 
between  3<x  ^  1.5  mm  and  0  ^  <  4  mm  where 
the  velocity  vectors  turn  toward  the  centerline.  The 
gas  expansion  due  to  heat  release  causes  the  velocity 
vectors  to  move  outward  with  respect  to  the  center- 
line  along  the  inner  flame. 

In  order  to  obtain  accurate  data  for  the  range  of 
flow  velocities,  the  PIV  measurement  window  was 
set  at  7.5  X  5.5  mm,  respectively,  in  the  x-  and  y- 
wise  directions.  This  choice  restricted  the  lowest 
possible  velocity  measurement  for  the  acquired  par¬ 
ticle  displacements  to  30  cm  s“^  (which  equals  the 
reactant  and  air  inlet  velocities).  The  experimental 
data  are  sparse  in  some  postfiame  regions,  because 
flow  dilatation  greatly  reduces  the  particle  seed  den¬ 
sities  in  those  areas.  Although  the  measured  veloci¬ 
ties  were  obtained  after  averaging  the  vectors  ac¬ 
quired  from  10  PIV  images,  they  are  representative 


of  each  of  those  images.  The  measured  and  pre¬ 
dicted  velocities  along  the  flame  centerline  (which, 
being  in  the  symmetry  plane,  contain  only  an  axial 
component)  are  compared  in  Fig.  6b.  There  is  good 
agreement  between  the  two  sets  in  the  preflame 
zone,  but  there  is  some  discrepancy  in  the  postflame 
region  that  is  probably  due  to  experimental  uncer¬ 
tainties.  The  centerline  velocity  profile  is  represen¬ 
tative  of  a  prefiame  preheat  zone,  the  inner  (pre¬ 
mixed)  flame  zone,  and  a  postflame  zone  that  is 
heated  due  to  heat  transfer  from  the  outer  flame. 

These  zones  can  be  differentiated  in  the  flame 
structure  presented  in  Fig.  7  (for  a  flame  exhibiting 
excellent  agreement  between  the  experiments  and 
predictions).  The  region  between  the  inner  and 
outer  flames  is  the  hottest  as  seen  from  the  tem¬ 
perature  contours  of  Fig.  7a.  The  outer  reaction 
zone  temperature  is  higher  than  that  of  the  inner 
premixed  flame.  A  substantial  amount  of  methane 
leaks  past  the  inner  flame  and  reacts  in  the  outer 
non-premixed  zone,  as  presented  in  Fig.  7b.  Like¬ 
wise,  oxygen  is  consumed  in  both  the  inner  and  outer 
flames.  Oxygen  is  entrained  into  the  outer  non-pre¬ 
mixed  flame,  as  can  be  seen  by  examining  the  air- 
side  velocity  vectors,  which  advect  air  to  the  center- 
line.  The  inner  flame  produces  partially  oxidized 
products,  such  as  and  CO  that  provide  the  “fuel” 
for  the  non-premixed  flame.  The  velocity  vectors 
turn  toward  the  outer  slots  in  the  post-inner  flame 
region,  thereby  advecting  these  species  into  the  non- 
premixed  flame. 

The  initiation  reaction  CH4  +  H  4=>  CH3  + 
proceeds  strongly  at  the  base  of  the  flame,  where 
both  the  inner  and  outer  flames  are  cxjnnected,  and 
at  the  tip  of  the  inner  flame.  On  the  other  hand,  it 
is  weak  along  the  sides  of  the  inner  and  outer  flames. 
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Fig.  7.  Predicted  flame  structure  of  a  flame  established 
at  =  2,  Vair  “  30. cm  and  cm  s"L  (a) 

Temperature,  (b)  CH4  mole  fraction,  (c)  the  rate  of  the 
reaction  CH4  +  H  <=>  CH.^  +  H2,  and  (d)  the  rate  of  the 
reaction  CO  +  OH  <=>  CO2  +  H. 

This  is  in  accord  with  the  chemiluminescent  images 
contained  in  Fig.  2  that  show  tliat  while  the  outer 
flame  tip  is  open,  the  inner  flame  is  always  closed 
for  the  investigated  range  of  conditions.  The  CO- 
oxidation  reaction  CO  +  OH  CO2  +  H  shown 
in  Fig.  7d  exhibits  a  similar  distribution.  Carbon  di¬ 
oxide  formation  through  this  reaction  is  more  diffuse 
in  the  outer  flame,  because  the  availability  of  hy¬ 
droxyl  radicals  in  that  region  (through  the  initiation 
step  O2  +  H  ^  OH  +  O)  is  limited  by  oxidizer 
transport. 

Conclusions 

The  results  of  an  experimental  and  numerical  in¬ 
vestigation  of  two-dimensional  partially  premixed 
methane-air  flames  are  presented.  A  detailed  vali¬ 
dation  of  the  predictions  involves  a  comparison  of 
the  (1)  inner  and  outer  flame  heights  over  a  wide 
range  of  conditions,  (2)  flame  reaction  zones,  and  (3) 


velocity  vectors.  Overall,  the  comparison  is  excellent, 
but  some  discrepancies  remain.  Some  are  likely  due 
to  the  absence  of  C2  chemistry  in  the  simulations. 
This  aspect  will  be  explored  in  future  work. 

1.  For  the  range  of  conditions  considered,  sheetlike 
inner  (premixed)  and  outer  (non-premixed)  re¬ 
action  zones  are  formed.  The  inner  {premixed) 
flame  zone  has  a  closed  tip,  and  reactions  proceed 
stronger  at  its  base  and  tip  than  along  its  sides. 
The  flames  exhibit  a  double-flame  structure  over 
the  range  of  investigated  flow  rates,  indicating 
that  the  flame  location  self-adjusts  itself  to  loca¬ 
tions  where  the  fuel-side  stretch  rates  are  low. 

2.  The  measured  and  predicted  values  of  Lq  are  in 
good  agreement.  Comparisons  of  the  corre¬ 
sponding  values  of  L;  show  a  progressively  larger 
disagreement  as  F  increases,  which  is  attributed 
to  the  rich-side  flame  chemistry,  because  C2 
chemistry  is  neglected  in  the  simulations.  Both 
flame  heights  correlate  well  with  the  function  F 
-  -  1). 

3.  The  flame  has  four  zones:  an  inner  preflame  pre¬ 
heat  zone,  the  inner  (pre mixed)  flame  zone  in 
which  CO  and  H2  are  formed,  a  post-inner  flame 
zone  situated  between  the  inner  and  outer  flames 
containing  hot  products,  and  a  non-premixed 
outer  region  in  which  CO  and  H2  oxidation  occur. 
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Abstract 

The  lifting  limit  of  an  axisymmetric,  laminar,  co-flow  methane-air  jet  diffusion  flame 
under  normal  earth  gravity  has  been  successfully  predicted.  Computations  of  the  time-dependent 
full  Navier-Stokes  equations  with  buoyancy  were  performed  using  an  implicit,  third-order 
accurate  numerical  scheme  and  a  detailed  C2“Chemistry  model.  A  one-step  global  chemistry 
model  was  also  used  to  reveal  its  deficiencies  and  to  demonstrate  the  need  for  ‘‘tuning”  its  kinetic 
parameters  for  the  studies  on  flame  lifting.  The  detailed  chemistry  model  resulted  in  the  standoff 
distance  of  the  flame  from  the  burner  rim  in  good  agreement  with  that  measured  previously.  As 
the  mean  co-flow  air  velocity  was  increased,  at  a  fixed  fuel  jet  velocity  under  the  near-limit 
condition,  the  calculated  reaction  kernel  (peak  reactivity  spot)  in  the  flame  base  broadened  and 
rapidly  shifted  away  downstream.  As  a  result,  a  higher  reactivity  (heat-release  rate,  oxygen 
consumption  rate,  etc.)  at  the  reaction  kernel  could  be  obtained  to  sustain  combustion  against  a 
higher  incoming  flow  velocity,  or  a  shorter  residence  time.  The  reactivity  augmentation  is  due  to 
a  “blowing”  effect,  which  caused  enhanced  convective  and  diffusive  fluxes  of  oxygen  into  the 
relatively  low-temperature  (--1550  K)  fuel-lean  (equivalence  ratio  -  0.55)  reaction  kernel.  Based 
on  these  new  findings,  a  reaction  kernel  hypothesis  is  proposed  for  the  diffusion  flame  stability; 
i.e.,  a  subtle  balance  between  the  residence  time  and  reaction  time  in  the  reaction  kernel  is 
maintained  by  its  continuous  movement  in  the  downstream  direction  in  response  to  the 
destabilizing  effect  caused  by  an  increase  in  the  co-flow  air  velocity  and  the  overall  reaction  time 
eventually  exceeds  the  available  residence  time  at  the  stability  limit.  If  a  secondary  stabilizing 
point  is  obtained  as  a  result  of  the  transition  to  a  turbulent  flame  base  downstream,  the  flame  lifts 
off,  otherwise  it  blows  off. 


*  Current  address:  National  Center  for  Microgravity  Research,  NASA  Glenn  Research  Center,  Cleveland,  Ohio, 
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INTRODUCTION 


Diffusion  flames  have  been  used  widely  in  practical  combustion  systems,  and  most  fires 
spreading  through  condensed  fuels  are  of  the  diffusion  type.  Thus,  the  blow-off  stability  of 
diffusion  flames  has  long  been  a  fundamental  and  practical  research  subject  in  combustion  [1- 
11].  Local  flame-flow  phenomena,  including  heat  and  mass  transport  processes  and  chemical 
reactions  around  the  flame  base,  which  is  often  located  in  the  vicinity  of  condensed  surfaces, 
control  the  flame  stabilizing  and  spreading  mechanisms.  Under  the  earth  gravity,  the  transport 
processes  are  characterized  by  a  mixed  convective-diffusive  regime,  whereas,  in  microgravity,  a 
pure  diffusive  regime  may  occur  if  forced  convection  is  absent.  Therefore,  the  flame  stabilizing 
and  spreading  mechanisms  may  differ  accordingly.  To  gain  an  in-depth  understanding  of  the 
subject,  the  detailed  flame-base  structure  resulting  from  the  transport  and  reaction  processes  must 
be  revealed.  Unfortunately,  previous  investigations  of  the  flame-base  structure  and  behavior, 
including  experiments  [2,  4,  7],  theories,  and  numerical  studies  with  global  chemistry  [12-14], 
generally  suffered  from  the  lack  of  detailed  information,  particularly  on  the  role  of  radical 
species.  Experimental  techniques  for  measuring  radical  species  are  limited  in  spatial  and 
temporal  resolutions,  and  theories  generally  ignore  radicals.  As  a  result  of  recent  advances  in 
computational  capabilities  and  detailed  chemistry  models,  a  numerical  approach  has  become  a 
powerful  tool  to  obtain  precise  information  on  the  flame-base  structure. 

The  authors  [15,  16]  have  used  a  comprehensive  computational  fluid  dynamics  code  [17, 
18]  with  detailed  chemistry  models  to  reveal  the  complex  structure  of  the  stabilizing  region  of 
diffusion  flames,  including  jet  flames  and  flat-plate  burner  flames.  In  previous  papers  [15,  16],  the 
attachment  mechanism  and  the  chemical  kinetic  structure  of  the  flame-stabilizing  region  of  methane 
jet  diffusion  flames  were  reported.  This  paper  extends  the  previous  effort  to  a  more  challenging 
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task,  i.e.,  numerical  prediction  of  the  stability  limit  of  a  diffusion  flame  without  using  adjustable 
variables.  As  far  as  the  authors  know,  no  such  attempt  has  been  reported  thus  far  in  the  literature. 
The  effect  of  co-flow  air  velocity  on  the  structure  of  the  flame  base  and  its  subtly  balanced  standoff 
distance  under  the  near-lifting-limit  condition  was  investigated  to  simulate  the  lifting  phenomenon. 
The  emphasis  in  this  paper  is  placed  on  the  flame  stability  mechanism  in  the  mixed  convective- 
diffusive  regime  under  the  normal  earth  gravity.  Computations  were  also  performed  using  a  one- 
step  global  chemistry  model  to  find  the  kinetic  parameters,  for  which  the  standoff  distance  was 
the  same  as  that  of  the  detailed  chemistry.  The  incorrect  flame-base  structure  obtained  as  a  result 
of  the  simple  chemistry  model  relates  to  the  formation  of  a  triple  flame  reported  in  the  literature. 

NUMERICAL  METHODS 

The  numerical  code  (UNICORN)  used  in  this  study,  developed  by  Katta  et  al.  [17,  18],  is 
described  in  more  detail  elsewhere  [16].  Time-dependent  governing  equations,  expressed  in 
cylindrical  coordinates,  consist  of  continuity,  axial  and  radial  full  Navier-Stokes  momentum 
conservation,  energy  conservation,  and  species  conservation  equations  with  the  ideal-gas 
equation  of  state.  A  body-force  term  caused  by  the  gravitational  field  is  included  in  the  axial 
momentum  equation.  The  momentum  equations  are  integrated  using  an  implicit  QUICKEST 
numerical  scheme  [17]  for  the  convection  terms,  which  is  third-order  accurate  in  both  space  and 
time  and  has  a  very  low  numerical-diffusion  error.  The  finite-difference  form  of  the  species  and 
enthalpy  is  obtained  using  the  hybrid  scheme  with  upwind  and  central  differences.  The 
coefficients  of  viscosity,  thermal  conductivity,  and  diffusion  are  estimated  using  molecular 
dynamics  and  mixture  mles.  The  enthalpy  of  each  species  is  calculated  from  polynomial  curve- 
fits  using  the  CHEMKIN  libraries. 
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The  detailed  C2-chemistry  model  [19]  for  24  species  and  81  elementary  steps  is  used.  The 
Arrhenius  parameters  for  the  reaction  CH3  +  H  CH4  are  replaced  with  those  by  Wamatz  [20]. 
Otherwise,  the  extinction  limit  of  counterflow  diffusion  flames  was  predicted  at  a  significantly 
lower  strain  rate  than  that  determined  experimentally,  and  the  jet  diffusion  flames  under 
consideration  prematurely  lifted  off  under  conditions  below  the  stability  limit  obtained 
experimentally  [11].  The  one-step  global  chemistry  for  the  methane-oxygen  combustion  is  also 
used  with  the  Arrhenius-type  reaction  rate  expression 

d)cH,  =-Aexp(-E/RT)[CH4][02] 

where  <Sch4  the  molar  rate  of  production  of  methane,  A  is  the  pre-exponential  factor,  E  is  the 

overall  activation  energy,  R  is  the  universal  gas  constant,  T  is  the  temperature,  and  [CHU]  and 
[O2]  are  the  molar  concentrations  of  methane  and  oxygen,  respectively.  For  a  constant  overall 
activation  energy  (E  =  40  kcal/mol),  the  pre-exponential  factor  was  widely  varied  to  obtain  a 
flame-base  standoff  distance  comparable  to  that  of  the  detailed  chemistry. 

The  computational  domain  of  150  x  60  mm  in  the  axial  (z)  x  radial  (r)  directions  is 
represented  by  a  mesh  of  up  to  371  x  101  with  clustered  grid  lines  near  the  jet  exit  and  a 
minimum  spacing  of  0.05  mm.  The  inner  diameter  {d  =  9.6  mm)  and  lip  thickness  (5  =  0.2  mm) 
of  the  fuel  tube  are  close  to  those  used  in  previous  experiments  [1 1].  The  fuel  tube  exit  plane  is 
placed  10  mm  downstream  from  the  inflow  boundary  in  the  open  computational  domain.  Fully 
developed  pipe  flow  in  the  fuel  tube  and  boundary  layer  velocity  profiles  outside  the  burner  tube 
are  used.  Several  computations  were  performed  for  various  mean  co-flow  air  velocities  (0.36  < 
t/a  <  0.8  m/s)  to  simulate  the  experimentally  determined  lifting  limit  (17a  =  0.76  m/s  [11])  at  a 
constant  mean  jet  velocity  (Uj  =  1.7  m/s).  The  initial  and  boundary  conditions  for  the  axial  (U) 
and  radial  (V)  velocities  and  species  and  energy  at  different  flow  boundaries  are  the  same  as  in 
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previous  work  [16].  The  outer  boundaries  of  the  computational  domain  are  placed  sufficiently 
far  away  to  minimize  the  reflection  of  disturbances  on  the  region  of  interest.  No-slip  boundary 
conditions  are  enforced  along  the  burner  walls.  To  estimate  the  flow  variables  on  the  outflow 
boundary,  the  values  at  two  upstream  grids  are  extrapolated  with  zeroth-  and  first-order  terms 
with  weighting  coefficients. 


RESULTS  AND  DISCUSSION 


Figure  1  shows  a  previously  measured  stability-limit  curve  [11]  and  the  newly  reported 
lift-off  height  (hO  of  the  visible  flame  base  from  the  jet  exit  for  lifted  co-flow  methane-air  jet 
diffusion  flames.  In  general,  the  critical  mean  fuel  jet  velocity  at  the  stability  limit  (f/jc) 
decreased  monotonically  as  the  mean  co-flow  air  velocity  increased,  except  for  17a  <  0.1  m/s,  for 
which  the  outer  air  tube  (26.9  mm  i.d.),  used  only  in  the  experiment,  acted  like  a  bluff  body,  thus 
blocking  free  entrainment  of  surrounding  air.  The  lift-off  height  decreased  rapidly  as  the  mean 
air  velocity  was  increased  up  to  Ua  =  0.2  m/s,  because  I7jc  of  the  turbulent  fuel  jet  decreased  and 
thus  the  fuel-air  mixing  time  at  a  fixed  height  increased,  thereby  forming  a  turbulent  flame  base 
closer  to  the  jet  exit.  On  the  other  hand,  the  lift-off  height  rapidly  increased  for  Ua  >  0.5  m/s 
because  the  jet  Reynolds  number  (Rej)  fell  below  2300  and  the  fuel  jet  became  laminar,  thus 
significantly  decreasing  the  fuel-air  mixing  until  the  transition  to  turbulent  flame  base  occurred 
downstream.  The  flame  blew  off  without  lifting  for  >  1.03  m/s  because  no  secondary 
stabilization  point  was  found  due  to  excess  dilution  of  the  fuel  by  surrounding  air. 

Figure  2  shows  the  unpublished  [21]  two-color  particle  image  velocimetry  photographs  of 
the  stabilizing  region  of  near-lifting  and  lifted  methane  jet  diffusion  flames  using  the  same  burner 
system  [11].  Submicron  zirconia  particles  were  illuminated  by  a  sheet  of  green  and  red  pulsed 
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(10  ns)  lasers  with  a  known  time  delay  (70  |xs).  Only  qualitative  visualization  characteristics  are 
described  here.  The  high  number-density  cold  airflow,  a  low  number-density  hot  zone  around 
the  flame,  and  the  dividing  streamline  between  jet  and  external  fluids  were  visualized.  A  time- 
exposure  (1/30  s)  image  of  the  blue  flame  zone  revealed  no  sign  of  the  triple  flame  structure  [10, 
12,  14,  22]  at  the  base  of  both  near-lifting-limit  and  lifted  methane  jet  diffusion  flames.  At  a 
near-lifting  condition  (Fig.  2a),  the  flame  base  shifted  downstream  a  few  millimeters  away  from 
the  burner  rim.  The  outer  cold  air  was  entrained  into  the  fuel  jet  through  the  dark  space  between 
the  flame  base  and  the  rim,  thus,  thermally  disconnecting  the  flame  base  from  the  burner  wall  and 
vanishing  the  heat  losses  to  the  burner  wall  before  lifting.  After  lifting  (Fig.  2b),  the  flame  base 
was  stabilized  a  few  jet  diameters  downstream.  The  large-scale  vortical  structure,  evolved  in  the 
shear  layer  (Fig.  2b),  entrained  the  co-flow  air  and  enhanced  molecular  mixing,  thus  resulting  in 
a  short  lift-off  height  under  this  condition  (see  Fig.  1). 

In  a  previous  paper  [16],  the  detailed  chemical  kinetic  structure  of  the  reaction  kernel  of  a 
methane  flame  was  calculated  under  one  flow  condition  using  three  different  kinetic  models, 
including  the  Ca-chemistry  used  here.  In  this  study,  simulations  of  the  shifted  laminar  flame  base 
(similar  to  the  one  shown  in  Fig.  2a)  were  performed  for  various  mean  air  velocities  for  the  same 
mean  fuel  jet  velocity  (f/j  =  1.7  m/s  [Rej  «  1025])  to  reveal  the  processes  leading  to  flame  lifting. 
Note  that  for  this  condition  the  experimentally  observed  lift-off  height  was  over  20  cm  (see 


Fig.  1).  Figure  3  shows  the  calculated  structure  of  the  flame  base  under  a  near-limit  condition 
(t/a  =  0.8  m/s).  Figure  3a  shows  the  calculated  velocity  vectors  (v),  isotherms  (2),  total  heat- 
release  rate  (q),  and  equivalence  ratio  ((j))  determined  from  the  fuel  and  oxygen  fluxes.  The  heat- 

release  rate  contours  show  the  reaction  kernel,  or  highest  reactivity  spot,  at  the  flame  base.  As 
compared  to  the  previous  result  using  the  same  chemistry  model  for  a  lower  air  velocity  (I7a  = 
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0.72  m/s)  for  the  same  jet  velocity  (Fig.  3a  in  [16]),  the  reaction  kernel  drifted  farther 
downstream  from  the  jet  exit  (~4  -»  ~9  mm)  and  somewhat  broadened  on  the  air  side.  The  flame 
base  is  still  anchored  in  a  relatively  low-velocity  region  that  extendes  from  the  wake  of  the 
burner  rim.  The  velocity  vectors  show  the  lateral  expansion  of  stream  tubes  as  well  as  the 
longitudinal  acceleration  as  the  flow  approaches  the  hot  zone  around  the  flame  base  due  to 
thermal  expansion  of  gases  and  the  pressure  field  deformation.  The  partial  premixing  of  the  fuel 
and  oxygen  over  the  standoff  distance  progressed  further  compared  to  the  lower  co-flow  air 
velocity  case  [16];  thus,  the  thickness  of  the  mixing  layer  within  the  flammability  limits  (0.5  <  (]> 
<1.7  [1])  somewhat  increased  (-0.6  -0.8  mm)  just  below  the  reaction  kernel.  However,  the 

flammable  layer  thickness  was  still  less  than  half  the  minimum  quenching  distance  of  2.2  mm  [1] 
and  too  narrow  to  form  an  ordinary  premixed  flame  or  triple  flame  [10,  12,  14,  22]  to  propagate 
through  it.  More  importantly,  the  reaction  kernel  expanded  mostly  over  the  fuel-lean  region  and 
the  peak  reactivity  was  obtained  at  (()  =  0.5,  unlike  ordinary  premixed  flames  that  have  the 
maximum  burning  velocity  at  an  equivalence  ratio  slightly  greater  than  unity.  Therefore,  the 
reaction  kernel  structure  is  different  from  the  ordinary  premixed  flame  or  the  fuel-lean  branch  of 
the  triple-flame  structure. 

Figure  3b  shows  the  calculated  total  molar  flux  vectors  of  methane  (MCH4),  oxygen 
(Moj),  and  atomic  hydrogen  (Mh),  the  mole  fractions  of  methane  (XCH4)  and  oxygen  (Xq^,  and 
the  molar  oxygen  consumption  rate  (-t&Oj)-  The  molar  flux  vectors  of  methane  and  oxygen 

overlap  in  the  mixing  layer.  Because  the  flame  base  was  formed  on  the  air  side  of  the  dividing 
streamline  for  a  pure  hydrocarbon  diffusion  flame  in  air,  the  convective  contribution  to  the 
oxygen  flux  dominated  and  the  methane  was  rapidly  diluted  with  airby  diverging  radial  diffusion. 

Consequently,  the  oxygen  penetrated  onto  the  fuel  side  of  the  flame  base  more  than  the  methane 
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(see  X02  and  XCH4  contours  in  Fig.  3b).  As  discussed  in  more  detail  previously  [16],  hydrogen 
atoms  diffused  in  every  downward  direction  against  the  incoming  flow  into  the  high  oxygen 
concentration  region  around  the  reaction  kernel,  inducing  the  most  important  chain  branching 
reaction  H  +  O2  — >  OH  +  O.  Other  radical  species  (OH,  O,  and  CH3,  etc.)  also  back-diffused, 
reacted  with  each  other  and  with  molecules,  including  oxygen  and  hydrogen,  broadened  the 
reaction  zone,  and  increased  the  global  reaction  rates  even  at  relatively  low  temperatures  (<1600 
K).  The  CH3  +  O  — >  CH2O  +  H  reaction  was  identified  [16]  as  a  dominant  contributor  to  the 
total  heat-release  rate  in  the  reaction  kernel.  Furthermore,  the  HO2  reactions  also  contributed  to 
the  heat-release  rate  and  extended  the  reaction  kernel  on  the  fuel-lean  air  side. 

The  results  of  computations  using  the  one-step  global  chemistry  model  with  U3  =  0.72 
m/s  and  l/j  =  1.7  m/s  were  significantly  different  from  those  obtained  using  the  detailed 
chemistry  [16]  under  the  same  flow  conditions.  For  a  fixed  global  activation  energy 
(40  kcal/mol),  the  flame  base  was  attached  to  the  burner  rim  for  the  pre-exponential  factor  A  > 
2.3  X  10'^  cmVmol-s,  and  the  flame  blew  off  prematurely  for  A  <  2.1  x  10*^  cm^/mol  s.  Figure  4 
shows  the  result  for  A  =  2.15  x  10*^  cmVmol  s,  for  which  the  standoff  distance  was  comparable 
to  the  value  (~4  mm)  obtained  previously  [16]  using  the  C2-chemistry  model.  For  the  global 
chemistry  model,  the  peak  heat-release  rate  (424  J/cm^s)  at  the  flame  base  was  somewhat  smaller 
than  that  (476  J/cm^s)  of  the  C2-chemistry  [16],  whereas  the  temperature  at  the  peak  heat-release 
rate  (-1800  K)  was  much  higher  than  that  (-1550  K)  in  the  previous  work  [16]  because  of  the 
steep  dependence  of  the  heat  release,  or  the  reaction  rate,  on  the  temperature. 

Furthermore,  the  heat-release  rate  contour  shows  a  peculiar  wing  extending  from  the 
flame  base  onto  the  fuel  side  as  a  result  of  the  oxygen  penetration  and  the  global  reaction 
between  methane  and  oxygen.  Because  there  is  no  such  elementary  reaction  in  reality,  the 
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detailed-chemistry  computation  [16]  did  not  create  the  fuel-side  wing.  By  contrast,  the  detailed 
chemistry  resulted  in  the  reaction  zone  broadening  onto  the  air  side  due  to  radical  reactions  (CH3 
+  O  — >  CH2O  +  H  and  HO2  reactions),  yet  the  one-step  chemistry  failed  to  simulate  such 
stmcture  because  of  the  lack  of  radical  reactions.  Therefore,  it  may  be  argued  that  the  one-step 
global  chemistry  and  the  symmetric  penetration  of  fuel  and  oxygen  onto  opposite  sides  of  the 
flame  (resulting  from  the  identical  fuel  and  air  velocity  conditions  in  the  two-dimensional 
system)  chosen  in  the  previous  studies  [12,  14]  might  have  contributed  for  the  prediction  of 
nearly  symmetric  triple  flames. 

Figure  5a  shows  the  effects  of  the  mean  air  velocity  on  the  calculated  reaction  kernel 
coordinates  (Zk,  yk  =  ^k  -  dH)  at  the  heat-release  rate  peak  and  the  axial  and  radial  velocity 
components  (f/k,  Vk),  including  the  previous  (Ci-chemistry)  [15]  and  current  results  (C2- 
chemistry).  Although  the  C2-chemistry  model  resulted  in  a  somewhat  longer  standoff  distance 
(Zk  =  4  mm)  than  that  of  Cj -chemistry  (~3  mm)  for  f/a  =  0.72  m/s,  the  computational  results  are 
in  good  agreement  with  the  experimental  observation,  considering  their  steep  variation  with  the 
air  velocity.  As  the  mean  air  velocity  was  increased,  the  standoff  distance  of  the  reaction  kernel 
increased  dramatically,  while  the  radial  distance  was  nearly  constant,  eventually  leading  to  lifting 
at  t/a  =  0.8  m/s,  which  was  nearly  identical  to  that  determined  experimentally  {U^  =  0.76  m/s  for 
f/j  =  1.7  m/s  [11],  see  Fig.  1).  Although  the  current  transient  model  has  the  capability  of 
predicting  the  details  of  the  transition  from  a  stabilized  to  a  lifted  flame  if  the  processes  are 
laminar,  the  results  for  C/a  >  0.8  m/s  are  not  reported  here,  because  the  flame  base  entered  into  the 
coaser-mesh  region  downstream.  Moreover,  the  actual  lifted  flame  observed  was  turbulent  as  a 
result  of  the  transition  to  turbulent  jet  induced  by  cold-air  entrainment.  Neverthless,  the  essential 
features  of  the  dynamics  of  the  lifting  process  has  been  captured  in  the  current  simulations.  The 
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axial  velocity  component  of  the  incoming  flow  into  the  reaction  kernel  also  increased  rapidly 
toward  the  lifting  condition,  while  the  magnitude  of  the  radial  velocity  component  approached 
zero.  The  magnitudes  of  the  velocity  components  are  similar  for  the  Ci-  and  C2-chemistry 
models.  Furthermore,  Fig.  5b  shows  temperatures  and  equivalence  ratios  at  the  reaction  kernel 
(at  both  <jand  peaks),  revealing  nearly  constant  values  in  the  ranges  of  1500-1600  K  and 

0.5-0.6,  respectively,  except  for  the  equivalence  ratio  =  0.8)  at  the  q  peak  for  nearly  rim- 
attached  flames  (f/a  <  0.5  m/s). 

In  a  previous  paper  [15],  heuristic  correlations  valid  for  both  jet-  and  flat-plate  diffusion 
flames  were  obtained  between  the  peak  heat-release  rate,  or  oxygen  consumption  rate,  and  the 
total  velocity  at  the  reaction  kernel.  The  reaction  kernel  correlations  demonstrated  that  the 
baseline  mechanism  responsible  for  flame  stabilization  and  attachment  was  identical  for  both 
types  of  diffusion  flames.  Figure  6a  shows  the  reaction  kernel  correlation  plot,  including  points 
for  =  1.7  m/s  and  various  C/a  near  lifting.  Both  the  peak  heat-release  rate  and  oxygen 
consumption  rate  increased  almost  proportionally  with  the  magnitude  of  the  velocity  in  the 
reaction  kernel.  Thus,  the  reaction  kernel  shifted  to  a  new  stabilizing  point  downstream,  where  a 
higher  reactivity  could  be  obtained,  and  withstood  a  higher  incoming  flow  velocity.  The 
reactivity  augmentation  was  due  to  a  so-called  “blowing”  effect,  which  caused  increased 
convective  and  diffusive  contributions  to  the  oxygen  fluxes  into  the  reaction  kernel. 

Here,  we  consider  the  reaction  kernel  with  a  volume  of  (width,  Wk)  x  (longitudinal  length, 
4)x  (unit  depth)  for  simplicity.  The  residence  time  of  a  fluid  element  to  cross  the  reaction  kernel 
length  would  then  be  ties  4/IVkl,  and  the  overall  chemical  reaction  time  in  the  reaction  kernel 
would  be  represented  as  Xchem  l/(?k^k4)  or  l/(-t&02,k'^k4)-  Then  the  ratio  of  the  residence 

time  and  chemical  time  (local  Damkohler  numbers  of  the  first  kind)  in  the  reaction  kernel  would 
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be  Dk  =  Xres/tchem  v»^4^/lvkl  Of  -(&O2,  k  Wk^/lvkl-  Therefore,  the  slopes  of  the  curves  in  Fig.  6a 

( or  -  c&Oj,  k  ^^kO  plotted  in  Fig.  6b  are  related  to  the  local  Damkohler  number.  As  was 

increased,  the  slopes  slightly  increased  first  and  then  decreased  as  the  reaction  kernel  shifted 
downstream  toward  lifting,  but  the  variations  are  moderate  (<18%)  (see  the  C2-chemistry  results 
in  Fig.  6b).  Because  the  reaction  kernel  broadened  (l^ger  Wk)  toward  lifting,  the  variations  in  the 
local  Damkohler  number  must  be  even  smaller.  Thus,  this  result  indicates  that  lifting  occurs  as  a 
result  of  continuous  downstream  shift  of  the  location  of  the  reaction  kernel,  which  sustained 
combustion  at  a  comparable  level  as  a  result  of  a  subtle  balance  between  the  residence  time  and 
chemical  time,  which  are  determined  by  convection,  (multi-component)  diffusion,  and  (multi- 
step)  reactions. 

CONCLUSIONS 

Computations  of  laminar  methane  jet  diffusion  flames  using  a  detailed  C2-chemistry  model 
revealed  the  flame  structure  and  behavior  of  the  reaction  kernel  and  accurately  predicted  the  flame 
lifting  limit  in  response  to  an  increase  in  the  co-flow  air  velocity.  At  a  downstream  location,  the 
reaction  kernel  sustained  fuel-lean  combustion  under  a  higher  incoming  flow  velocity  as  a  result  of 
an  augmented  reactivity  caused  by  the  “blowing”  effect,  which  increased  the  convective  and 
diffusive  contributions  to  the  oxygen  flux.  The  local  Damkohler  numbers,  deduced  from  the  ratios 
of  the  heat-release  rate,  or  oxygen  consumption  rate,  and  the  total  velocity  at  the  reaction  kernel, 
maintained  same  levels  toward  lifting.  These  new  findings  lead  to  a  novel  hypothesis  that  flame 
lifting  or  blow-off  occurs  if  the  reaction  kernel,  in  which  a  subtle  balance  between  the  residence 
time  and  reaction  times  is  maintained,  continuously  shifts  downstream  in  response  to  the 
destabilizing  effect  (i.e.,  increasing  the  co-flow  velocity)  and  that  the  reaction  time  eventually 
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exceeds  the  residence  time  at  the  stability  limit.  If  a  secondary  stabilizing  point  is  obtained  by 
forming  a  turbulent  flame  base  further  downstream,  the  flame  lifts  off,  otherwise,  it  blows  off  due 
to  excess  dilution  of  the  fuel  by  surrounding  air.  In  addition,  the  one-step  global  chemistry  model 
resulted  in  an  incorrect  flame-base  stracture  due  to  the  unrealistic  global  methane-oxygen  reaction, 
which  lead  to  a  fuel-side  flame  wing,  and  the  lack  of  radical  reactions,  which  otherwise  creates  the 
air-side  reaction  broadening. 
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Figure  Captions 

Figure  1  Measured  stability  limits  [11]  and  lift-off  height  of  methane-air  co-flow  jet  diffusion 
flames,  d  =  9.45  mm,  5=  0.2  mm. 

Figure  2  Two-color  particle  image  velocimetry  photographs  of  the  stabilizing  region  of 
methane  jet  diffusion  flames  [21].  Laser  intensity:  ~20  mJ/pulse;  pulse  width:  10 
ns;  time  delay:  70  |is;  and  sheet  thickness:  -0.5  mm.  Exposure  time:  1/30  s.  Seed 
particles:  zirconia  (<1  pm,  97  %).  d  =  9.45  mm.  f/a  =  0.36  m/s.  (a)  Uj  =  7.5  m/s, 
seeded  both  fuel  and  air;  (b)  Uj  =  7.6  m/s,  seeded  air  only. 

Figure  3  (a)  Calculated  velocity  vectors,  isotherms  (unit  K),  heat-release  rate  (start  at  50 

J/cm^s  with  a  100-J/cm^s  interval),  equivalence  ratio;  (b)  molar  flux  vectors  of 
methane,  oxygen,  and  atomic  hydrogen,  mole  fractions  of  methane  and  oxygen,  and 
oxygen  consumption  rate  (start  at  0.0001  mol/cm^s  with  a  0.0004-mol/cm^s  interval) 
in  the  stabilizing  region  of  a  near-limit  methane  jet  diffusion  flame,  t/j  =  1 .7  m/s,  t/a 
=  0.8  m/s.  C2-chemistry  model. 

Figure  4  Flame-base  structure  with  the  one-step  global  chemistry  model  {E  =  40  kcal/mol,  A  = 
2.15  X  lO’^  cm^/mol-s):  calculated  velocity  vectors,  isotherms  (unit  K),  heat-release 
rate  (start  at  50  J/cm^s  with  a  100-J/cm^s  interval),  and  mole  fractions  of  methane 
and  oxygen  in  the  stabilizing  region  of  a  near-limit  methane  jet  diffusion  flame.  C/j  = 
1 .7  m/s,  f/a  =  0.72  m/s. 

Figure  5  Effects  of  the  mean  co-flow  air  velocity  on  the  reaction  kernel  properties,  (a) 
Calculated  reaction  kernel  coordinates  and  axial  and  radial  velocity  components  at 
the  heat-release  rate  peak.  O*,  z\C,  Vt,  jk;  ^  ♦  ^4:  AA,  14;  +  x.  Measured  axial  and 
radial  visible  flame  base  locations,  respectively  [16].  (b)  Calculated  reaction  kernel 
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temperatures  and  equivalence  ratios.  O#,  O  ^  at  the  heat-release  rate  peak; 
Vt,  Tk;  AA,  (pk  at  the  oxygen  consumption  rate  peak.  Open,  C2-cheraistry;  filled,  Ci- 
chemistry  [15]. 

Figure  6  (a)  Reaction  kernel  correlations  between  the  heat-release  rate,  or  oxygen 

consumption  rate,  and  the  incoming  velocity.  O*,  q^. ;  Vv,  -©o^,  k  •  W  The  ratios 

of  the  heat-release  rate,  or  oxygen  consumption  rate,  and  the  reaction  kernel  velocity. 
O#,  4k/lvkl;  Vt,  Open,  C2-chemistry;  filled,  Ci-chemistry  [15]. 
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ABSTRACT 

The  structure  of  a  laminar  methane  diffusion  flame  formed 
along  a  porous-plate  burner  in  a  vertically  upward  combustion 
tunnel  has  been  studied  numerically  and  experimentally  in 
normal  earth  gravity.  Computations  were  performed  by  solving 
time-dependent  Navier-Stokes  equations  including  gravity 
along  with  energy-  and  species-conservation  equations  with  a 
detailed  C2“Chemistry  model.  The  OH  radical  concentration 
field  was  observed  qualitatively  using  planar  laser-induced 
fluorescence  (PLIF).  As  the  air  velocity  was  increased  or  the 
fuel  injection  velocity  was  decreased,  the  OH  fluorescence 
appeared  weaker  and  the  flame  eventually  became  unstable. 
The  calculated  flame  structure  was  essentially  similar  to  that  of 
bumer-rim-attached  jet  diffusion  flames  previously  studied;  a 
peak  reactivity  spot  (reaction  kernel)  was  formed  in  the  flame 
base,  thus  anchoring  the  flame  in  the  boundary  layer  of  the 
incoming  oxidizing  stream.  The  calculated  concentration  and 
rate  of  formation  of  the  OH  radical  peaked  along  the  airside  of 
the  peak  temperature,  heat-release,  or  oxygen  consumption  rate. 


whereas  the  rate  of  destruction  of  the  OH  radical  peaked  on  the 
fuel-side.  The  OH  radicals  diffused  onto  both  sides  of  the  flame 
and  dehydrogenated  CH4  and  H2  on  the  fuel-side  and  HO2  on  the 
airside.  In  the  flame  base,  radical  species  diffused  back  into  an 
oxygen-rich  reaction  kernel,  thus  enhancing  the  chain-branching 
H  +  O2  OH  +  O  and  heat-releasing  CH3  +  O  CH2O  +  H 
reactions.  Therefore,  the  chain  radicals  (H,  OH,  and  O)  played  a 
key  role  in  the  combustion  chemistry,  transport  phenomena,  and, 
in  turn,  flame  stabilization. 


INTRODUCTION 

As  the  construction  of  the  International  Space  Station  and 
the  plan  for  the  human  exploration  and  development  of  space 
progress,  various  fire  safety  concerns  in  both  terrestrial  and 
extraterrestrial  environments  have  become  more  realistic  issues. 
Such  issues  include  material  flammability,  fire  spread  rates, 
flame  extinction,  stabilization,  and  fire  suppression. 
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A  flame  formed  in  a  boundary  layer  of  gaseous  oxidizing 
stream  along  condensed  fuel  surfaces  has  long  been  studied 
because  it  relates  to  various  combustion  phenomena,  including 
propellant  combustion,  abrasive  burning,  flame  holding  in 
combustion  systems,  and  fire  spread.  In  particular,  the 
aerodynamic  and  thermal  structures  of  a  laminar  diffusion  flame 
over  a  liquid  fuel  pool  or  a  flat  porous  plate  issuing  gaseous  fuel 
have  been  studied  as  a  simplified  model  flame  by  numerous 
investigators  theoretically,  numerically,  and  experimentally 
(Chen  and  Toong,  1964;  Penner  and  Libby,  1967;  Nakagawa  et 
al.,  1971;  Kim  et  ah,  1971;  Kikkawa  and  Yoshikawa,  1973; 
Hirano  and  Kanno,  1973;  Lavid  and  Berlad,  1977;  Shin  and 
Pagni,  1978;  Liu  et  al.,  1981;  Mori  et  al.,  1982;  Ramachandra 
and  Raghunandan,  1983;  Ramachandra  and  Raghunandan, 
1984;  Mao  et  al.,  1984;  Raju  and  Law,  1985;  Chen  and  T’ien, 
1986;  Ueda  and  Mizomoto,  1986;  Ueda  et  al.,  1991;  Yashima 
and  Hirano,  1995;  Takahashi  and  Katta,  1997;  Rohmat  et  al., 
1998;  ).  In  fire  spreading  processes,  complex  interactions 
between  the  flame  and  the  condensed  fuel — ^heat  transfer,  fiiel 
pyrolysis,  vaporization,  mass  transfer,  chemical  reactions — ^take 
place  in  a  small  region  around  a  flame  leading  edge.  The 
chemical  reaction  rates  are  generally  limited  by  the  reactant 
transport  rates  in  diffusion  flames,  yet  partial  fuel-air  premixing 
around  the  leading  flame  edge  may  bring  in  additional 
complications.  Thus,  the  structure  of  the  flame  leading  edge 
(base)  must  be  revealed  experimentally  or  numerically  to  foster 
a  better  understanding  of  the  diffusion  flame  holding  and 
spreading  mechanisms.  Unfortunately,  the  detailed  flame 
structure  data  are  extremely  limited.  Because  of  apparent 
difficulties  in  measuring  variables,  including  radical  species 
concentrations,  in  the  small  flame-stabilizing  region  near  the 
surface,  a  computational  approach  along  with  experimental 
validations  appears  to  be  particularly  beneficial. 

In  this  paper,  the  detailed  structure  of  a  laminar  diffusion 
flame  of  methane  established  along  a  porous  plate  burner  placed 
vertically  in  an  airstream  has  been  investigated  numerically  and 
experimentally,  in  normal  earth  gravity  as  a  baseline  case,  to 
elucidate  the  flame  structure  and  stabilizing  mechanisms,  which 
constitute  building  blocks  of  more  complex  fire  spreading 
phenomena  in  various  environments. 


EXPERIMENTAL  APPARATUS  AND  PROCEDURE 

Figure  1  shows  a  schematic  of  a  flow  field  in  a  vertical 
combustion  tunnel.  Air  flows  upward  along  the  solid  wall  and  a 
laminar  boundary  layer  is  formed.  The  test  section  is  a 
rectangular  channel  with  a  50mm  x  2 1 0mm  cross-section.  A  flat 
porous  plate  with  46mm  x  100mm  surface  area  is  set  flush  with 
one  of  the  vertical  walls  to  supply  fuel  (CH4).  The  fuel  is 
injected  from  the  porous  plate  and  a  flame  is  formed  in  the 
laminar  boundary  layer. 


Figure  1  Schematic  of  the  flow  field 

Two-dimensional  images  of  OH-PLIF  intensity  are  taken 
by  a  PLIF  measurement  system  shown  in  Fig.2.  A  pulsed  KrF 
Exima  laser  (248  nm,  Lambda  Phisik  COMPex  150)  is  used  as  a 
light  source.  A-X(3,0),  P2(8)  line  beam  (248.46nm)  is  used  as  an 
induced  light.  A  vertical  laser  sheet  with  30-mm  height  and 
I -mm  thickness  is  formed  by  a  lens  unit  and  is  introduced  into 
the  test  section  through  a  vertical  slit  opening  in  the  vertical  wall 
opposite  to  the  porous  plate. 

Since  the  wave  length  of  fluorescent  light  from  OH  radical 
is  around  310  nm,  the  image  is  taken  by  a  CCD  camera  with  an 
image  intensifier  (LaVision:  Flamestar  II  383  x  575  pixels) 
through  a  quartz  glass  at  the  side  wall  of  the  test  section  and  a 
band  pass  filter  (UGl  1 ).  To  reduce  the  effect  of  the  variation  of 
the  induced  laser  intensity  and  statistical  noises,  200images  are 
accumulated. 


Figure  2  PLIF  measurement  system 
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In  the  present  study,  the  reflection  from  the  wall  surfaces  is 
not  negligibly  weak.  Thus,  the  reflective  light  is  eliminated  as 
follows:  at  the  beginning  of  the  experiments,  the  image  without 
flame  is  taken  in  which  only  a  reflective  light  is  recorded.  In  this 
case,  200  images  are  accumulated  as  well.  This  image  of  a 
reflective  light  is  subtracted  from  the  image  with  a  flame  using 
image  analysis  software  (Lavision;  SC  3.1).  Experiments  have 
been  done  by  varying  the  free-stream  air  velocity  and  the 
fuel  injection  velocity  (v). 


NUMERICAL  METHODS 

In  the  mathematical  model  (Katta  et  al.,  1994a), 
time-dependent  Navier-Stokes  equations  are  solved  along  with 
species-  and  energy-conservation  equations  in  an  uncoupled 
manner  on  a  staggered-grid  coordinate  system.  However,  the 
species  equations  are  solved  by  coupling  them  through  the 
production  terms.  A  clustered  mesh  system  is  employed  to  trace 
the  large  gradients  in  flow  variables  near  the  flame  surface.  A 
detailed  chemical-kinetics  model  proposed  by  Peters  (1993)  for 
methane-air  combustion  is  used  in  this  formulation.  It  consists 
of  24  species  (CH4, 02,  CH3,  CH2,  CH,  CH2O,  CHO,  CO2,  CO, 
C2H,  C2H2,  C2H3,  C2H4,  C2H5,  C2H6,  CHCO,  H2,  H,  O,  OH,  H2O, 
HO2,  H2O2,  and  N2)  that  are  involved  in  8 1  elementary  reactions. 
Reaction  rates  for  these  elementary  reactions  have  been  obtained 
from  Peters  (1993)  and  Wamatz  (1984)  as  listed  elsewhere 
(Takahashi  and  Katta,  2000a). 

The  thermo-physical  properties  such  as  enthalpy,  viscosity, 
thermal  conductivity  and  binary  molecular  diffusion  coefficients 
of  ail  individual  species  are  calculated  from  the  polynomial 
curve  fits  developed  for  the  temperature  range  300  -  5000  K. 
Mixture  viscosity  and  thermal  conductivity  are  then  estimated 
using  the  Wilke  and  Kee  expressions,  respectively.  Molecular 
diffusion  is  assumed  to  be  of  the  binary-diffusion  type,  and  the 
diffusion  velocity  of  a  species  is  calculated  according  to  Pick’s 
law  and  using  the  effective-diffusion  coefficient  of  that  species. 

The  finite-difference  forms  of  the  momentum  equations  are 
obtained  using  an  implicit  QUICKEST  scheme  (Katta  et  al., 
1994a)  and  those  of  the  species  and  energy  equations  are 
obtained  using  a  hybrid  scheme  of  upwind  and  central 
differencing.  At  every  time-step,  the  pressure  field  is  accurately 
calculated  by  solving  all  the  pressure  Poisson  equations 
simultaneously  and  utilizing  the  LU  (Lower  and  Upper 
diagonal)  matrix-decomposition  technique.  Treatment  of  the 
boundary  conditions  is  identical  to  that  reported  in  earlier  papers 
(Katta  et  al.,  1994a,  1994b;  Takahashi  et  al.,  1998;  Takahashi 
and  Katta,  2000a,  2000b).  Simulations  presented  in  this  paper 
are  performed  on  a  Pentium  II  400-MH2-based  Personal 
Computer  with  1.0  GB  of  memory.  Typical  execution  time 
using  the  Peters  24-species  mechanism  is  --40  s/time-step, 
respectively  on  a  45 1x1 5 1  grid  system.  Using  a  time  step  of  25 


ps,  a  complete  solution  is  obtained  in  5000  time  steps — ^which 
corresponds  to  -50  h. 

Calculations  for  the  boundary-layer  flame  were  performed 
for  different  flow  conditions  and  wall  and  porous  plate 
configurations.  The  computational  domain  and  boundary 
conditions  are  shown  in  Fig.  3.  As  in  the  experiment,  a  flat  plate 
having  a  length  of  26.9  mm  was  placed  ahead  of  a  33.1-nim  long 
porous  plate.  Another  flat  plate  of  40-mm  long  was  placed 
behind  Ae  porous  plate.  In  order  to  get  a  good  match  between 
die  measured  and  computed  velocity  profiles  at  the  beginning  of 
the  porous  plate,  a  profile  that  represents 
boundary-layer-velocity  profile  over  a  10-mm  long  flat  plate 
was  used  at  the  inflow  boundary.  As  the  wall  plates  adjacent  to 
die  porous  plate  were  water  cooled  in  the  experiment,  room 
temperature  (297  K)  was  forced  for  the  wall  and  porous  plates  in 
the  calculations. 


Exit  Flow 


RESULTS  AND  DISCUSSION 
Experiment 

Figure  4  shows  the  measured  stability-limit  diagram 
expressed  in  v  vs.  The  value  of  v  at  the  stability  limit 
increases  with  increasing  IL.  In  Fig.  4,  the  conditions  for  the 
PLIF  measurements  are  also  shown  as  (l)-(5). 

Figure  5  shows  the  two-dimensional  OH-PLIF  intensity 
images.  High  OH-PLIF  intensity  was  observed  along  the  visible 
flame.  Since  the  air  flow  was  upward  and  crossing  the  flame 
zone  from  the  air  side  to  fuel  side,  the  diffusive  region  of  OH 
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Figure  4  Stability  limits 

was  very  narrow  in  the  air  side,  while  OH  was  observed  In  a 


wide  region  in  the  fuel  side  at  low  levels.  In  the  flame 
leading-edge  region,  no  branches  corresponding  to  the  fuel-rich 
and  fuel-lean  premixed  flame  branches  of  a  triple  flame  were 
observed  visibly  or  in  the  OH-PLIF  intensity.  The  result  of  the 
present  study  supports  the  following  computational  results 
showing  that  the  leading  edge  essentially  is  the  edge  of  a 
diffusion  flame  with  peak  reactivity  as  a  result  of  enhanced 
transport  phenomena. 

For  the  stable  flame  conditions  (Figs.  5[1]  and  5[3]),  the 
flame  leading  edge  was  located  close  to  the  upstream  end  of  the 
porous  plate  and  the  OH-PLlF  intensity  was  high.  As  the  flame 
conditions  approached  the  stability  limit  with  increasing  £/«  or 
decreasing  v,  the  flame  leading  edge  moved  downstream  and  the 
OH-PLIF  intensity  decreased  (Figs.  5[4]  and  5[5]).  This  result 
suggests  that  the  flame  leading  edge  became  weaker  in  reactivity. 
As  was  shown  in  Fig.  4,  the  flame  became  unstable  with  a 
finther  increase  in  or  decrease  in  v.  These  results  indicated 
that  the  flame  leading  edge  became  unstable  as  a  result  of  the 
limited  chemical  reaction  rates,  leading  to  extinction. 

Radical  species,  including  OH,  are  necessary  to  continue 
the  combustion.  Thus,  high  radical  pool  concenU^tions  near  the 
flame  leading  edge  are  necessary  for  flame  stabilization.  As  CL 
was  increased,  convective  transport  of  radicals  from  the  reaction 
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Figure  5  Two-dimensional  OH  concentration  images 


zone  to  tiie  downstream  direction  increased,  thereby  resulted  in 
an  decrease  in  the  radical  concentration  around  the  flame  leading 
edge.  As  v  wais  decreased,  the  supply  of  CH4  which  was  the 
original  source  of  radicals  decreased  and  then  die  radical 
concentration  around  the  leading  flame  edge  decreased. 


Computation 

Before  simulating  the  flame  structure,  the  calculated 
velocity  profile  in  a  cold  flow  was  compared  with  the 
measurement  by  hot-wire  anemometry  and  the  equivalent 
Blasius  profile  at  the  leading  edge  of  the  porous  plate  (Fig.  6).  In 
this  calculation,  the  flow  throu^  the  porous  plafe  was  set  to  zero. 
Here,  (4  is  the  free  stream  air  flow  velocity  and  7^  Is  defined  as 
n=y(UJvx')'^,  w*ere  v  is  the  viscosity  of  air  and  x'  is  the  axial 
distance  from  the  virtual  origin,  x'  was  determined  as  26.9  mm 
from  die  comparison  between  the  measurement  and  die  Blasius 
solution. 

Reacting-flow  calculations  for  the  boundary-layer  flame 
were  performed  by  introducing  high-temperature  region  along 
the  Initial  mixing  layer  between  die  fuel  and  air.  Injection  of 
fuel  through  the  porous  plate  and  the  flame  established  over  the 
flat  plate  act  as  obstruction  to  the  incoming  airflow.  As  a  result, 
the  velocity  profile  at  the  leading  edge  of  the  porous  plate  was 
distorted  as  shown  in  Fig.  7.  Here,  the  results  were  also 
compared  to  those  obtained  using  a  coarse-grid  system.  The 
close  match  obtained  between  the  results  computed  with  die  45 1 
X  151  and  261  x  91  grid  systems  adequacy  of  the  0.05-mm  grid 
spacing  used  with  the  finer  mesh  system 

Figure  8  ^ws  the  calculated  velocity  vectors  (v), 
isotherms  (7),  total  heat-release  rate  { q ),  and  equivalence  ratio 


Fig.  6  Calculated  and  measured  velocity  distributions 
compared  with  the  Blasius  solution.  l/„  =0.6m/s,x  =  0. 


Fig.  7  Calculated  axial  velocity  component  and 
temperature.  U- =  0.6  m/s,  v  =  14  mm/s,  x  =  0. 
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(0)  in  the  stabilizing  region.  The  total  heat-release  rate  is  a  sum 
of  contributions  of  individual  elementary  reaction  steps.  The 
peak  reactivity  spot  (reaction  kernel)  was  formed  at  the  base  of 
the  flame  at  relatively  low  temperatures  (<1600  K)  as  was 
obtained  for  jet  diffusion  flames  (Takahashi  et  al.,  1998; 
Takahashi  and  Katta,  2000a,  2000b).  The  flame  base  resided  in 
the  boundary  layer  of  the  approaching  air  flow,  which  was 
locally  accelerated  in  the  hot  zone  (velocity  overshoot)  due  to 
the  thermal  expansion  of  gases  and  gravity.  The  external  fluid 
crossed  the  flame  zone  or  penetrated  through  the  quenching 
space  between  the  flame  base  and  the  surface  onto  the  fuel-side 
of  the  flame  zone.  The  velocity  vectors  and  temperature  fields 
around  the  flame  base  are  extremely  similar  to  those  of 
bumer-rim-attached  jet  diffusion  flames  (Takahashi  et  al., 
1998). 

Figure  9  shows  the  calculated  mole  jfractions  of  methane 
(^CH^)  and  oxygen  and  the  molar  oxygen  consumption 
rate  (-  ©o,  )•  flows  through  the  quenching  zone 

between  the  flamd  base  and  the  surface,  the  oxygen  penetrated 
onto  the  fuel  side  of  the  flame  more  than  the  methane  efflux  onto 
the  air  side  by  diffusion.  As  a  result,  the  partially  premixed  zone 
within  the  flammability  limits  (0.5  <  0  <  1.7)  was  formed  in  a 


Fig.  9  Calculated  mole  fractions  of  methane  and 
oxygen,  and  molar  oxygen  consumption  rate  (0,0001, 
0.0003,  and  0.0005  mol/cm^s).  l/«=  0.6  m/s,  v  =  14. 
mm/s. 


y  (mm) 


Fig.  10  Calculated  mole  fraction,  molar  flux  vector,  and 
formation  rate  of  OH.  l/«=  0.6  m/s,  v  =  14. 


narrow  region  in  the  quenching  zone  (see  Fig.  8).  As  was  in  the 
jet  diffusion  flames,  the  reaction  kernel  was  formed  in  the 
relatively  low-temperature  (-1600  K)  fuel-lean  (0  «  0.6) 
conditions. 

Figure  10  shows  the  calculated  OH  mole  fraction  (Xoh)* 
total  molar  flux  vectors  (Moh)>  and  molar  rate  of  formation 
( t&oH  )•  The  peak  OH  mole  fraction  and  rate  of  formation 
resided  along  and  slightly  outside  (air  side)  of  the  peak 
temperature,  heat-release  rate  (Fig.  8),  or  oxygen  consumption 
rate  (Fig.  9).  The  radical  pool  was  built  as  a  result  of  H2-O2 
chain  reactions  (R1-R8)  (Takahashi  and  Katta,  2000a), 
including  the  most  important  chain-branching  reaction:  H  +  O2 
OH  +  O  (Rl),  particularly  in  the  reaction  kernel,  where  H 
atom  diffused  back  against  the  incoming  Oi-rich  flow.  The  OH 
radical  diffused  on  both  sides  of  the  flame  and  destructed  mainly 
by  dehydrogenation  of  CH4  and  Hj  (CH4  +  OH  CH3  +  HjO 
[R53]),  H2  +  OH  H2O  +  H  [R5])  on  the  fuel  side  and  HO2 
(HO2  +  OH  H2O  +  O2  [R13])  on  the  air  side.  In  the  reaction 
kernel,  the  heat-releasing  CH3  +  O  CH2O  +  H  reaction  was 
the  major  contribution  to  the  heat-release  rate  peak  (Fig.  9)  as 
described  in  more  detail  elsewhere  (Takahashi  and  Katta, 
2000a). 
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CONCLUSIONS 

The  two-dimensional  computations  and  OH-PLIF 
observations  have  revealed  the  structure  of  the  flame  stabilizing 
(leading  edge)  region  of  a  diffusion  flame  formed  in  a  boundary 
layer  of  a  vertically  upward  air  stream  along  a  flat  porous  plate 
burner.  As  the  flow  conditions  approached  the  stability  limit,  by 
either  increasing  the  free  stream  velocity  or  decreasing  the  fuel 
injection  velocity,  the  observed  OH-PLIF  intensity  (and  thus 
reactivity)  around  the  leading  flame  edge  weakened,  and  the 
flame  became  unstable  and  eventually  blew  off.  The  calculated 
peak  OH  zone  and  the  observed  OH-PLIF  intensity  were  slightly 
outside  (air  side)  of  the  flame  zone.  The  computations  revealed 
the  chemical  kinetic  structure;  the  OH  radical  was  formed  by 
chain-branching  reaction:  H  +  O2  OH  +  O  (Rl),  diffused  on 
both  sides  of  the  flame,  and  destructed  mainly  by 
dehydrogenation  of  CH4  and  H2  (CH4  +  OH  CH3  +  H2O 
[R53]),  H2  +  OH  ^  H2O  +  H  [R5])  on  the  fuel  side  and  HO2 
(HO2  +  OH  -4  H2O  +  O2  [R13])  on  the  air  side.  Both 
computation  and  experiment  showed  no  sign  of  branches  of  rich 
and  lean  premixed  flames,  perceived  by  previous  researchers  as 
part  of  a  triple  flame  structure. 
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Abstract: 


Studies  on  laminar  partially  premixed  flames  are  essential  for  the  design  of  efficient  household 
boilers.  An  idealized  boiler  has  been  designed  recently  to  facUitate  experimental  and  numerical 
investigations  using  various  non-intrusive  measurement  techniques  and  two-dimensional 
Computational  Fluid  Dynamics  (CFD)  codes.  This  boiler  mimics  a  commercial  one  in  terms  of 
power  density  and  performance.  Three  test  cases  are  selected  in  the  present  study  to  asses  the 
accuracy  of  predictions  made  using  a  recently  developed  CFD  code.  The  global  equivalence  ratio 
(primary  air  +  secondary  air)  for  all  three  cases  is  the  same;  however,  the  local  equivalence  ratio  of 
the  fuel  is  varied  to  obtain  different  partially  premixed  flame  configurations.  While  two  cases  result 
in  Bunsen-type  flames,  the  third  one  yields  a  V-shaped  flame.  Spontaneous  emissions  from  CH 
and  OH  radicals  in  these  partially  premixed  flames  are  measured  using  CCD  cameras  and  the 
results  compared  with  the  predictions.  Calculations  are  performed  using  24-species  modified 
Peters  chemical  kinetics  and  a  31-species  GRI-V1.2  mechanism.  The  weak-inner  premked  and 
outer  diffusion  flames  in  Case  2,  the  Bunsen-type  flame  in  Case  4,  and  the  V-type  flame  in  Case  5 
are  accurately  simulated  by  the  modified  Peters  mechanism.  The  predicted  flame  shapes  and 
heights  match  well  with  those  obtained  in  the  experiments.  On  the  other  hand,  even  though  GRI- 
VI. 2  chemistry  seems  to  predict  stable  flames  well,  it  is  found  to  fail  in  predicting  flame  stmctures 
for  the  conditions  that  are  near  the  blowout  limits.  This  observation  on  the  GRI  mechanism  in 
simulating  partially  premixed  flames  is  consistent  with  the  longer  standoff  distances  found  in  our 
earlier  studies  on  the  diffusion  flame  base. 
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Introduction: 

T  aininar  premixed  combustion  has  been  widely  studied  by  several  researchers  [1-4]  since  these 
flames  are  most  commonly  used  in  practical  devices.  On  the  other  hand,  partially  premixed  flames 
offer  the  advantages  of  both  diffusion  and  premixed  flames  with  regard  to  safety,  lower  pollutant 
levels,  and  flame  stability.  Because  of  these  advantages,  partially  premixed  flames  may  play  a 
significant  role  in  the  development  of  next-generation  combustion  devices.  To  date,  only  a  few 
studies  have  been  devoted  to  laminar  partially  premixed  flames  employing  natural  gas  and 
operating  conditions  similar  to  those  used  in  practical  devices  [5,6].  It  is  ^parent  that  the  lack  of 
basic  knowledge  in  partially  premixed  flames  is  restricting  the  understanding  of  stabilization  and 
pollutant-emission  mechanisms  in  household  boilers.  Thus,  fundamental  studies  on  partially 
premixed  flames  are  essential  in  meeting  the  increasingly  stringent  regulations  concerning  NOx 
emission  limits.  For  example,  although  NOx  emissions  for  most  of  the  natural-gas-powered 
household  boilers  are  currently  around  120  mg/kWh  [7],  the  standards  are  moving  toward  lower 
limits,  i.  e.,  50  mg/kWh. 

Over  the  years,  burner  manufacturers  have  developed  rules  of  thumb  for  choosing  combination 
design  parameters  such  as  primary  fuel-air  ratio,  port  loading,  and  port  spacing  to  meet  the 
required  specifications;  accordingly,  most  past  measurements  were  made  at  the  input  and  output  of 
the  device.  This  global  approach  often  results  in  unwanted  effects  such  as  increase  an  in  CO 
emissions  or  a  decrease  in  flame  stability  while  NOx  emissions  are  reduced.  Since  the  formation  of 
pollutants  in  combustion  devices  depends  on  the  details  of  the  combustion  process  itself,  insight 
into  these  fundamental  processes  is  required  for  proper  design  of  the  device. 

Recently,  an  idealized  boiler  was  developed  by  Gaz  de  France  and  Worgas  under  a  project 
supported  by  the  European  Community  which  aimed  at  developing  tools  for  the  design  of  clean, 
efficient  household  boilers.  This  idealized  boiler  mimics  a  commercial  one  in  terms  of  power 
density  and  performance  but  has  a  simplified  two-dimensional  geometry.  The  present  paper 
describes  an  experimental/numerical  study  conducted  on  this  idealized  boiler  using  non-intrusive 
measurement  techniques  and  a  Computational  Fluid  Dynamics  with  Chemistry  (CFDC)  code 
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developed  recently  for  the  simulation  of  methane  flames.  Several  partially  prermxed  Bunsen-t}^ 
flames  were  obtained  by  varying  the  primary  equivalence  ratio  while  maintaimng  the  overall 
equivalence  ratio.  V-type  flames  were  also  studied  by  inserting  a  plate  in  the  fuel  jet.  The  accuracies 
of  different  detailed  chemical-kinetics  models  in  simulating  steady,  partially  premixed  methane/air 
flames  were  assessed.  Finally,  the  structures  of  the  Bunsen-  and  V-type  flames  obtained  under  the 
same  flow  conditions  were  compared. 

Experimental  Setup: 

Various  experiments  were  carried  out  on  an  idealized  boiler  developed  by  Gaz  de  France  and 
Worgas  to  mimic  the  key  features  of  practical  boilers  while  simplifying  the  problem  to  a  two- 
dimensional  one.  This  simplified  burner  consists  of  seven  identical  fuel  slots  (also  called  primary 
channels)  having  dimensions  of  3  mm  in  width  and  150  mm  in  length.  The  fuel  slots  are 
sandwiched  S3umnetrically  between  12-mm-wide  air  slots  (also  called  secondary  channels).  Before 
the  fuel  (a  mixture  of  methane  and  air)  and  air  are  passed  through  the  respective  primary  and 
secondary  chatmels,  they  flow  through  honeycomb  filters,  glass  beads,  and  then  a  laminarization 
grid  to  ensure  that  the  flows  exiting  the  burner  assembly  will  be  highly  laminar.  The  methane/air 
mixture  is  homogenized  in  a  plenum  chamber  before  entering  the  primary  channels. 

The  combustion  chamber  (150  x  1 15  x  150  mm)  is  protected  from  entrainment  of  surrounding 
air  by  glass  windows.  A  heat  exchanger  and  then  a  chimney  are  placed  above  the  combustion 
chamber.  Five  test  cases  were  established  to  gain  an  understanding  of  the  partially  premixed  flame 
structures  associated  with  this  idealized  boiler.  In  all  of  these  cases,  total  air  and  methane  flowrates 
were  set  to  13.504  and  1.013  m%,  respectively.  These  flow  rates  correspond  to  a  global 
equivalence  ratio  of  0.71.  The  primary  and  secondary  air  flow  rates  were  independently  adjusted  to 
)deld  the  five  test  conditions  tabulated  in  Table  1.  Cases  1  and  2  have  the  same  primary  and 
secondary  flow  rates  and  differ  only  in  the  composition  of  the  fuel.  While  natural  gas  was  used  in 
Case  1,  pure  methane  was  used  in  Case  2.  Test  cases  4  and  5  differ  only  in  the  fact  that  a  plate  was 
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insetted  in  the  fuel  slots  in  the  latter  case.  These  plates  modify  the  fluid  d)mamics  and,  thus,  the 
shape  of  the  flame  for  the  same  local  equivalence  ratio  used  in  these  cases. 

To  study  the  combustion  mechanisms  in  the  idealized  boiler,  two  levels  of  measurements  were 
performed:  1)  global  ones  in  the  exhaust  gasses  and  2)  detailed  ones  in  the  combustion  chamber. 
To  obtain  the  flame  geometry  and  information  on  the  chemical  activity  and  heat-release  rate  [8] 
chemiluminescence  of  CH,  OH,  and  Q  radicals  was  measured.  While  several  other  measurements 
[9]  such  as  OH  PLIF,  and  thermocouple  and  gas  analyzers  were  also  used  for  characterizing  the 

burner,  they  are  not  discussed  in  this  paper  for  the  sake  of  brevity. 

In  the  present  investigation  12-bit  images  of  CH,  OH,  and  C2  global  spontaneous  emission 
were  recorded  using  a  Princeton-Instruments  ICCD  camera  (576  x  384  pixel  array)  that  is 
thermally  stabilized  at  a  low  temperature  using  the  Peltier  system.  Interference  filters  with  a  narrow 
bandwidth  were  used  to  select  the  emission  from  the  radical  species  of  interest.  The  camera  was 
connected  to  the  ST  138  controller  that  stored  the  images  before  they  were  processed  on  a  PC  with 
Winview  software.  A  I'lL  signal  was  provided  by  a  HAMEG  programmable  function  generator 
and  delivered  to  a  DG535  digital  delay  that  allowed  modification  of  the  delay  and  exposure  times  of 
the  ICCD  matrix.  The  spatial  resolution  obtained  by  the  camera  was  0.2  mm  per  pixel.  Since  the 
emission  intensities  of  various  radical  species  are  dramatically  different,  the  exposure  time  was  the 
only  parameter  adjusted  during  the  measurements  (from  a  few  microseconds  for  global  and  OH 
emission  to  10  ms  for  C^  radical  emission).  Only  those  measurements  obtained  for  the  central  slot 
of  the  burner  are  presented  here.  Also,  only  results  obtained  for  Test  Cases  2,  4,  and  5  are 
presented. 

Numerical  Model: 

A  time-dependent,  two-dimensional  mathematical  model  known  as  UNICORN  (Unsteady 
Ignition  and  Combustion  using  ReactioNs)  [10]  was  used  to  simulate  the  partially  premixed  flames 
considered  in  this  study.  It  solves  for  u-  and  v-momentum  equations,  continuity,  and  enthalpy-  and 
species-conservation  equations  on  a  staggered  grid  system.  The  body-force  term  due  to  the 
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gravitational  field  is  included  in  one  of  the  momentum  (u)  equations  for  simulating  vertically 
mounted  flames.  A  clustered  mesh  system  is  employed  to  trace  the  large  gradients  in  flow  variables 
near  the  flame  surface.  A  detailed  chemical-kinetics  model-originally  proposed  by  Peters  for 
methane-air  combustion  [11]  and  then  modified  by  Katta  and  Roquemore  [12]  for  better  predictive 
capabilities— is  used  in  this  formulation.  It  consists  of  24  species  (CH4,  Oj,  CH3,  CHj,  CH,  CH2O, 
CHO,  CO2,  CO,  Hj,  H,  O,  OH,  H^O,  HOj,  H2O2,  C2H,  C2H2,  C2H3,  C2H4,  C2H5,  C2H6,  CHCO 
andN2)  that  are  involved  in  81  elementary  reactions.  Reaction  rates  for  these  elementary  reactions 
were  obtained  from  Ref.  1 1.  A  more  comprehensive  chemistry  model  GRI-V1.2  [13]  developed  by 
the  Gas  Research  Institute  was  also  used  for  comparison  purpose.  Thermo-physical  properties  such 
as  enthalpy,  viscosity,' thermal  conductivity,  and  binary  molecular  diffusion  of  all  the  species  were 
calculated  from  the  polynomial  curve  fits  developed  for  the  temperature  range  300  -  5000  K. 
Mixture  viscosity  and  thermal  conductivity  were  estimated  using  the  Wilke  and  Kee  expressions, 
respectively.  Molecular  diffusion  was  assumed  to  be  of  the  binary-diffusion  type,  and  the  diffusion 
velocity  of  a  species  was  calculated  using  Pick’s  law  and  the  effective-diffusion  coefficient  of  that 
species  in  the  mixture.  Finally,  the  Lennard  Jones  potentials,  the  effective  temperatures,  and  the 
coefficients  for  the  enthalpy  polynomials  for  each  species  are  obtained  from  the  CHEMKIN 
libraries. 

The  finite-difference  forms  of  the  momentum  equations  were  obtained  using  an  implicit 
QUICKEST  scheme  [14,15],  and  those  of  the  species  and  energy  equations  were  obtained  using  a 
hybrid  scheme  of  upwind  and  central  differencing.  At  every  time-step,  the  pressure  field  was 
accurately  calculated  by  solving  aU  the  pressure  Poisson  equations  simultaneously  and  utilizing  the 
LU  (Lower  and  Upper  diagonal)  matrix-decomposition  technique.  The  boundary  conditions  were 
treated  as  reported  in  earlier  papers  [16]. 

Since  the  idealized  burner  described  in  the  previous  section  represents  seven  identical  premixed 
flames,  calculations  were  made  for  only  one  flame,  utilizing  the  symmetricity  in  the  burner 
configuration.  The  burner  geometiy  and  the  boundary  conditions  used  for  the  simulations  are 
shown  in  Fig.  1.  The  tapered  walls  of  the  actual  burner  (shown  with  broken  lines)  are 
approximated  as  straight  waU  (solid  lines)  in  the  present  calculations.  Since  the  calculations  were 
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started  15  nun  upstream  and  the  step  changes  in  the  wall  geometries  occurred  7.5  mm  ahead  of  the 
burner  tip,  the  low-speed  laminar  flow  in  the  passages  provided  a  stable  boundary-layer  flow  over 
the  comers.  As  a  result,  the  approximations  made  for  the  burner  geometry  caused  only  minimal 
discrepancy  between  the  simulated  and  actual  flowfields. 

Accuracy  of  the  Simulations: 

Calculations  were  made  using  a  171x71  grid  system  that  gives  a  uniform  grid  spacing  of  0.1 
mm  in  the  flame  zone.  To  evaluate  the  sufficiency  of  the  grid  spacing  in  simulating  the  partially 
premixed  flames  considered,  calculations  for  Case  2  were  also  made  using  a  25 1x1 1 1  grid  system 
having  a  0.05-mm  spacing.  Results  obtained  for  Case  2  at  a  height  of  4  nun  above  the  burner  tip 
are  shown  in  Fig.  2.  Here,  the  symbols  represent  results  obtained  with  171x71  grid  system,  while 
the  solid  lines  indicate  those  obtained  with  fine  mesh.  As  will  be  discussed  later,  the  flame  in  this 
case  had  an  inner  premixed  flame,  and  an  outer  diffusion  flame  and  calculations  made  with  coarse 
and  fine  grids  captured  them  accurately.  Overall,  the  heat-release  rate  and  temperature  predicted  by 
both  mesh  systems  were  nearly  identical.  The  slightly  lower  temperature  at  the  center  predicted  by 
the  finft  mesh  resulted  firom  the  slighdy  longer  (by  ~0.4  mm)  inner  flame  obtained  with  this  mesh. 
Figure  2  further  demonstrates  that  even  the  heats  of  production  of  radical  species  such  as  OH  and 
CH3  are  well  predicted  by  the  coarse  mesh.  Overall,  the  comparisons  made  for  Case  2  suggest  that 
the  171x71  mesh  yields  sufficiently  accurate  results  for  the  partially  premixed  flames  considered 
here. 

To  assess  the  accuracy  of  the  chemical  kinetics  (modified  Peters  mechanism)  used  in  the  model, 
calculations  were  also  performed  for  this  case  using  GRI-V 1 .2  chemical  kinetics.  Results  in  the 
form  of  temperature  and  OH-concentration  distribution  at  a  distance  of  4  mm  above  the  burner  tip 
are  shown  in  Fig.  2  by  broken  lines.  Even  though  the  temperature  and  OH-concentration  profiles 
agree  well  with  the  predictions  made  using  the  modified  Peters  mechanism,  a  careful  examination 
of  the  data  in  Fig.  2  reveals  that  results  obtained  with  the  GRI-V  1.2  mechanism  did  not  predict  the 
weak  inner  flame  between  Y  =  1  and  2  mm.  As  a  result,  the  profiles  for  heat-release  rate  and 
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species-production  rates  predicted  by  the  GRI-V1.2  deviate  significantly  from  those  shown  in 
Fig.  2. 

The  simulations  presented  here  were  performed  on  a  Pentium  II  400-MH2-based  Personal 
Computer  with  512  MB  of  memory.  Typical  execution  times  using  the  modified  Peters 
mechanisms  without  and  with  chemistry  and  the  GRI  Version  1.2  mechanism  are  -8,  ~17,  and 
~42  s/time  step,  respectively.  Converged  solutions  for  different  cases  were  obtained  in  about  1000 
time  steps. 

Results  and  Discussion: 

Predictions  made  for  the  Case-2  flame  are  presented  in  Fig.  3  along  with  the  experimental 
results.  By  plotting  the  predictions  and  measurement  results  on  the  right  and  left  halves, 
respectively,  the  molar-concentration  distributions  of  CH  and  OH  radicals  can  be  compared  in 
Figs.  3(a)  and  3(b),  respectively.  Figure  3  suggests  that  the  flame  heights  and  shapes  for  both  the 
intier  premixed  and  outer  diffusion  flames  are  very  well  predicted.  In  fact,  the  inner  flame  for  this 
fuel-rich  case  is  quite  weak  and  is  supported  by  the  outer  diffusion  flame.  The  predicted 
concentration  distribution  of  the  CH  radical  matches  well  with  the  measurements.  Calculations 
have  even  predicted  the  subtle  variations  such  as  thinning  of  the  CH  concentration  in  the  region 
near  the  tip  of  the  inner  flame  (X  ~  5  mm).  However,  the  calculations  indicate  that  much  more  OH 
is  formed  in  the  outer  diffusion  flame  than  in  the  inner  flame,  which  is  in  contrast  to  the 
distributions  obtained  using  OH-emission  measurements.  To  further  investigate  this  discrepancy, 
additional  calculations  for  this  flame  were  made  using  two  other  reaction  mechanisms:  1)  the 
modified  Peters  mechanism  without  C2  chemistiy  [12],  and  2)  the  Gas  Research  Institute  GRI- 
V1.2  [13].  Both  these  mechanisms  yielded  flames  similar  to  the  one  predicted  using  the  24-species 
modified  Peters  mechanism,  and  the  maximum  deviation  among  the  predictions  of  peak  OH 
concentrations  was  found  to  be  less  than  5%.  Interestingly,  the  GRI- VI. 2  mechanism  did  not 
predict  the  weak  inner  flame  (OH  concentration  between  X  =  1  and  2  mm  in  Fig.  2),  while  both  the 
modified  Peters  mechanisms  with  and  without  Cj  chemistry  predicted  that  accurately.  This  is 
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consistent  with  our  earlier  calculations  for  the  diffusion-flame  stability  limits.  GRI-V1.2  tends  to 
predict  longer  standoff  distances  [17]  and  earlier  quenching  with  respect  to  strain  rate.  The  thicker 
OH  distribution  in  the  experiments  was  also  observed  by  Plessing  et  al.  [18]  while  investigating 
triple-flame  stractures  in  partially  premixed  gases. 

The  inner  flame  in  Figs.  2  and  3  is  formed  with  a  fuel/air  mixture  having  an  equivalence  ratio  of 
1.67.  It  is  known  that  such  a  fuel-rich  premixed  flame  yields  OH  concentrations  that  are  much 
lower  than  those  obtained  with  the  corresponding  diffusion  flames.  Even  though  the  calculations 
TnaHp  with  different  chemistry  mechanisms  predicted  this  behavior  (i.e.,  that  the  OH  concentration 
in  the  premixed-flame  region  is  much  lower  than  that  in  the  diffusion-flame  region),  the  OH- 
emission  image  obtained  in  the  experiment  did  not  exhibit  this  behavior.  It  is  important  to  note  here 
that  the  images  of  CH  and  OH  obtained  in  the  experiments  were  raw  ones  and  required  some 
correction  for  temperature  and  nitrogen  concentrations. 

Cases  4  and  5  represent  fuel-lean  flames.  Predictions  made  for  these  cases  are  compared  with 
the  measurement  results  in  Figs.  4  and  5,  respectively.  It  is  known  that  the  premixed  flames  are 
stabilized  at  the  burner  lip,  partly  due  to  the  balance  between  the  heat  loss  to  the  surrounding  media 
and  heat  generated  at  the  flame  base.  The  fuel-lean  flame  of  Case  4  represents  a  flame  that  is  very 
near  the  lean-blowout  limit.  Both  the  calculations  and  the  experiment  showed  a  dark  space  of  ~1 
mm  between  the  flame  base  and  the  burner  in  which  the  temperature  was  below  the  igmtion  value 
and  radical  concentrations  decreased  rapidly  toward  the  burner  lip.  For  this  case  also  the  flame 
heights  and  shapes  were  well  predicted  by  the  present  model.  On  the  other  hand,  calculations  using 
the  GRI-V1.2  mechanism  did  not  produce  a  stable  flame.  In  those  simulations,  the  flame  moved 
slowly  downstream  until  it  cleared  the  computational  domain. 

The  flow  boundary  conditions  for  Case  5  are  identical  to  those  used  for  Case  4,  the  only 
difference  being  that  a  thin  plate  was  inserted  in  the  fuel  jet,  as  shown  in  Fig.  1,  in  the  latter  case. 
The  insertion  of  the  bluff  body  modifies  the  flow  field  and  yields  a  different  flame  stmcture.  The 
predicted  and  measured  flame  stmctures  for  this  case  are  shown  in  Fig.  5.  Calculations  for  this 
case  were  made  using  the  flame  data  of  Case  4  as  initial  conditions.  The  plate  inserted  in  the  fuel  jet 
created  a  low-velocity  zone  behind  the  bluff  body;  at  the  same  tune  the  average  fuel  velocity  withm 
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the  slot  has  increased  by  33%  due  to  blockage.  While  this  higher  velocity  destabilized  the  flame 
anchored  to  the  burner  lip,  the  lower  velocity  behind  the  bluff  body  provided  stabilizing  conditions 
for  anchoring  the  premixed  flame  there.  As  a  result,  the  Bunsen-type  flame  structure  in  Case  4 
slowly  transformed  into  a  V-type  one  in  Case  5.  As  seen  in  Fig.  5,  calculations  correctly  predicted 
the  flame  response  to  changes  in  the  flowfield.  The  computed  flame  is  slightly  (~  1  mm)  closer  to 
the  plate  and  has  spread  about  1  mm  less  than  that  observed  in  the  experiment.  This  discrepancy 
resulted  from  the  approximations  made  to  the  wedge-like  plate  inserted  in  the  experiment.  The 
wedge-like  body  in  the  fuel  stream  was  expected  to  cause  the  fuel  to  flow  away  from  the  center, 
creating  a  less-intense  but  more  widely  spread  region  of  low-velocity  flow.  On  the  other  hand, 
calculations  made  with  GRI-V1.2  chemistry  for  this  case  resulted  in  a  flat  flame  stationed  -10  mm 
above  the  bumer—which  is  quite  different  from  that  observed  in  the  experiment. 

Detailed  structures  of  the  flames  near  the  tips  for  Cases  4  and  5  are  shown  in  Figs.  6  and  7, 
respectively.  Temperature,  u-velocity,  and  some  major-species  concentrations  at  X  =  4  mm  for  the 
outer-lip-stabilized  flame  in  Case  4  are  plotted  in  Fig.  6(a),  while  heat-release  rate  and  molar- 
production  rate  for  each  of  the  major  species  are  plotted  in  Fig.  6(b).  Similar  plots  for  the  inner- 
plate-stabilized  flame  in  Case  5  are  shown  in  Fig.  7  at  X  =  2  mm.  A  comparison  of  these  structures 
reveals  that  the  reaction  zone  of  the  inner-plate-stabilized  flame  (-1.8  mm)  is  nearly  three  times  that 
(-  0.6  mm)  of  the  outer-lip-stabilized  flame.  Because  of  this  spread  combustion  in  Case  5,  the  peak 
heat-release  rate,  temperature,  and  species-production  rates  are  lower  than  those  in  Case  4. 
Especially  the  production  rate  and  concentration  of  are  significantly  reduced  in  Case  5.  As  a 
result  of  the  spread  combustion  the  reactions  in  the  post-combustion  region  are  completed  quickly 
in  Case  5  (X  <  12  mm  in  Fig.  5),  whereas,  because  of  the  concentrated  combustion,  the  post¬ 
combustion  reactions  are  extended  to  heights  >  20  mm  (Fig.  4)  in  Case  4.  This  type  of  spread 
combustion  with  rapid  termination  of  post-combustion  reactions  produces  more  homogeneous  hot 
gases  and  a  lower  pollutant  region  between  the  burner  and  the  heat  exchanger,  which  will  be 
studied  in  the  future. 
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Conclusions: 


An  idealized  boiler  was  designed  to  aid  the  understanding  of  the  combustion  process  in  a 
commercial  household  boiler.  Several  experimental  and  numerical  studies  were  performed  for  this 
idealized  boiler  under  different  flow  conditions.  For  developing  a  mathematical  model  that  can 
produce  accurate  results  even  under  limiting  conditions,  three  cases  were  selected  in  the  present 
study.  While  the  same  globd  equivalence  ratio  (based  on  primary  and  secondary  air)  was  utilized 
for  all  the  three  cases,  the  local  equivalence  ratio  of  the  primary  fuel  was  varied  to  obtain  different 
partially  premixed  flame  configurations.  While  Bvmsen-type  flames  were  obtained  for  Cases  2  and 
4,  a  bluff  body  (plate)  was  introduced  in  Case  5  to  form  a  V-shaped  flame.  Spontaneous  emissions 
from  CH  and  OH  radicals  were  compared  with  the  predicted  concentrations  of  die  respective 
species. 

A  two-dimensional,  time-dependent  CFDC  code  was  developed  for  the  simulation  of 
methane/air  partially  premixed  flames.  Calculations  were  performed  using  modified  Peters  and 
GRI-V1.2  chemical  mechanisms.  The  weak  inner  premixed  and  outer  diffusion  flames  in  Case  2 
were  captured  accurately  by  the  modified  Peters  mechanism,  while  the  GRI-V1.2  mechamsm 
predicted  only  the  latter  flame.  Calculations  for  Case  5  were  made  using  the  Bunsen-type  flame 
obtained  in  Case  4  as  initial  conditions.  The  plate  inserted  in  Case  5  destabilized  the  flame  on  the 
outer  lip  and  provided  a  stabilization  region  in  the  center  to  form  a  V-shaped  flame.  The  modified 
Peters  mechanism  predicted  this  transition  accurately,  while  the  GRI-V1.2  mechanism  failed  to 
yield  stabilized  flames  for  Cases  4  and  5.  The  spread  combustion  associated  with  the  V-shaped 
flame  in  Case  5  was  found  to  complete  the  post  combustion  reactions  quickly  in  a  short  distance. 

Overall,  calculations  performed  for  the  three  cases  using  the  modified  Peters  mechamsm  yielded 
results  that  are  in  good  agreement  with  the  measurement  results  and  the  GRI-V1.2  seemed  to  fail  in 
providing  a  reasonable  flame  structure  for  the  conditions  that  are  near  the  blowout  lirmts. 
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Table  1:  Test  Cases  and  Conditions 


Case  No. 

Fuel  Flow 
Rate 

Primary  Air 
Flow  Rate 
m^/h 

Secondary  Air 
Flow  Rate 
.  m% 

Local  (j)^. 

1 

1.013 

5.788 

7.717 

1.67 

2 

Methane 

1.013 

5.788 

7.717 

1.67 

3 

1.013 

HHJESUiJHi 

■HKHHI 

0.71 

4&5 

Methane 

1.013 

11.575 

1.929 

0.83 
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Figure  1.  Schematic  diagram  of  burner  used  for  simulation  of  partially  premixed  flames  in  idealized 
boiler. 

Figure  2.  Comparison  of  temperature,  OH  concentration,  heat-release  rate,  and  heat  of  production 
due  to  individual  species  obtained  using  different  grid  systems  and  chemistry  models  for  Case  2 
at  X  =  4  nun. 

Figure  3.  Measured  and  computed  iso-molar-concentration  plots  of  (a)  CH  and  (b)  OH  radicals  in 
Case  2.  Measured  data  (left)  obtained  from  spontaneous  emission,  and  computed  data  (right) 
obtained  using  modified  Peters  mechanism. 

Figure  4.  Measured  and  computed  iso-molar-concentration  plots  of  (a)  CH  and  (b)  OH  radicals  in 
Case  4.  Measured  data  (left)  obtained  from  spontaneous  emission,  and  computed  data  (right) 
obtained  using  modified  Peters  mechanism. 

Figure  5.  Measured  and  computed  iso-molar-concentration  plots  of  (a)  CH  and  (b)  OH  radicals  in 
Case  5.  Measured  data  (left)  obtained  from  spontaneous  emission,  and  computed  data  (right) 
obtained  using  modified  Peters  mechanism. 

Figure  6.  Structure  of  the  Bunsen-type  flame  in  Case  4  at  X  =  4  mm.  (a)  Temperature,  u  velocity, 
and  major-species  concentrations,  (b)  Heat-release  and  molar-production  rates  for  major 
species. 

Figure  7.  Structure  of  V-type  flame  in  Case  5  at  X  =  2  mm.  (a)  Temperature,  u  velocity,  and 
major-species  concentrations,  (b)  Heat-release  and  molar-production  rates  for  major  species. 
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4.1.3  Opposing-Jet  Diffusion  Flames 

A  flame  formed  between  opposing  fuel  and  air  jets  represents  a  simple  system  for 
simulating  and  understanding  laminar  flame  structure.  The  paper  entitled  “Response  of 
Hydrogen-Air  Opposing-Jet  Diffusion  Flame  to  Different  Types  of  Perturbations”  (see 
pp.  914-934)  documents  the  results  of  a  numerical  investigation  to  explore  the  similarities 
and  differences  in  unsteady  flame  structures  that  are  established  through  various  modes 
of  perturbation  in  an  opposed-jet  diffusion  flame.  A  time-dependent,  axisymmetric 
CFDC  code  that  incorporates  finite-rate  chemical  kinetics  was  developed  for  the  direct 
simulation  of  coimterflow  jet  flames;  using  this  code,  the  extinction  process  in  strained 
flames  was  investigated,  and  the  results  are  reported  in  the  paper  entitled  “Extinction  in 
Methane- Air  Counterflow  Diffusion  Flame  -  A  Direct  Numerical  Study”  (see  pp.  935- 
940). 
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Abstract; 


Studies  on  the  stracture  of  a  strained  flame  in  a  steady  or  unsteady  state  are  important  to  the 
understanding  of  turbulent-flame  behavior.  A  numerical  investigation  is  performed  to  explore  the 
similarities  and  differences  in  unsteady  flame  structures  that  are  established  through  various  modes 
of  perturbation  in  an  opposed-jet  diffusion  flame.  A  diluted  hydrogen-nitrogen  mixture  is  used  as 
the  fuel.  Vortices  are  driven  toward  the  flame  surface  with  different  velocities  from  the  air  side, 
fuel  side,  or  both  sides.  Changes  in  the  structure  of  the  flame  during  its  interaction  with  the 
incoming  vortex/vortices  are  investigated  using  a  time-dependent  CFDC  code  that  incorporates  13 
species  and  74  reactions.  Calculations  have  identified  two  types  of  unsteady  flames—traveling  and 
stationary.  It  is  found  that  when  a  vortex  is  issued  from  either  the  air  or  the  fuel  side,  the  flame  not 
only  becomes  strained  but  also  moves  with  the  vortex  head,  creating  a  traveling  unsteady  flame. 
On  the  other  hand,  if  two  vortices  are  issued— one  from  each  side  of  the  flame-then  the  flame  is 
subjected  to  an  unsteady  strain  rate;  however,  it  is  locked  in  a  spatial  location,  leading  to  a 
stationary  unsteady  flame.  The  structures  of  theses  two  types  of  unsteady  flames  near  the 
extinction  limits  are  studied.  Stationary  unsteady  flames  are  also  established  by  fluctuating  the  fuel 
and  air  jets  simultaneously,  and  sinusoidally,  and  their  stractures  are  compared  with  those  obtained 
during  the  vortex/flame  interactions.  It  is  found  that  in  comparison  with  stationary  unsteady 
flames,  traveling  unsteady  flames  can  be  subjected  to  higher  strain  rates  without  extinction. 
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Introduction: 


Studies  on  the  structure  of  dynamic  flames  are  important  to  the  understanding  of  fundamental 
combustion  processes;  they  provide  insights  into  turbulent  combustion  phenomena  and  help 
developing  and  evaluating  simplified  models  that  can  be  used  in  design  codes  for  practical 
combustion  systems.  Unsteady  flames  are  subjected  to  stretching  that  varies  in  time;  typically,  the 
time  scale  for  the  changes  in  strain  rate  is  comparable  to  the  chemical  response  time  of  the  system. 
Numerous  investigations  (experimental  and  numerical)''^  have  been  performed  to  quantify  the 
scalar  structure  of  steady-state,  aerodynamically  strained,  planar  diffusion  flames.  Such  studies  on 
counterflow  diffusion  flames  have  not  only  provided  benchmark  experimental  data  but  also  yielded 
valuable  insight  into  the  flame  behavior  in  response  to  strain  rate.  However,  in  practical 
combustion  devices,  flames  are  subjected  to  severe  unsteadiness  that  results  from  the  random 
motion  of  vortices;'*’^  this  led  to  studies  of  unsteady  counterflow  flames.  To  retain  the  simplicity 
offered  by  planar  diffusion  flames,  unsteadiness  is  imposed  on  counterflow  flames  by  fluctuating 
the  fuel  and  air  jets  simultaneously  and  sinusoidally.*  ’  These  studies  have  demonstrated  that  the 
unsteady  flames  can  be  stretched  beyond  the  steady-state  extinction  limit. 

During  vortex-flame  interactions,  which  are  often  considered  to  be  the  building  blocks  for 
statistical  theories  of  turbulence,  the  flame  surface  is  subjected  not  only  to  unsteadiness  but  also  to 
deformation.  To  investigate  the  effects  of  curvature  on  unsteady  flames,  both  theoretical  and 
experimental  studies  have  been  initiated.*’’  In  particular,  experiments  designed  by  Roberts  et  al.'° 
and  by  Rolon"  have  created  great  interest,  especially  because  of  their  unique  ability  to  inject  a  weU- 
characterized  vortex  toward  the  flame  surface. 

Unsteady  flames  may  be  treated  into  two  categories  separated  into  two  types— namely,  traveling 
and  stationary.  In  the  first  type  not  only  the  strain  rate  on  the  flame  but  also  its  location  changes 
with  time.  On  the  other  hand,  in  the  second  type,  only  the  strain  rate  on  the  flame  varies  with  time, 
while  the  flame  itself  is  locked  spatially.  In  an  opposing-jet  flame,  when  a  vortex  is  issued  from 
either  the  air  or  the  fuel  side,  the  flame  not  only  becomes  strained  but  also  moves  with  the  vortex 
head,  creating  a  traveling  unsteady  flame.  However,  if  two  vortices  are  issued— one  from  each  side 
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of  the  flame— then  the  flame  becomes  locked  to  a  spatial  location,  even  though  it  is  subjected  to  an 
unsteady  strain  rate.  This  leads  to  a  stationary  unsteady  flame.  Structures  of  theses  two  types  of 
unsteady  flames  must  be  understood  if  mathematical  models  for  turbulent  flames  are  to  be 
developed. 

Several  investigators  have  developed  models'^'*'^  for  the  study  of  vortex-flame  interactions  in 
opposing-jet  flames.  In  all  of  these  models,  it  is  assumed  that  an  artificially  created  (by  specifying 
the  vorticity  field)  vortex  pair  interacts  with  a  flat  flame  formed  in  a  parallel  flow.  Although  such  an 
assumption  has  advantages  in  exploring  interesting  aspects  of  vortex-flame  interactions, 
investigations  employing  this  assumption  do  not  represent  actual  interactions  in  opposing-jet 
flames  and  hence,  they  could  not  facilitate  direct  comparisons  between  predictions  and 
measurement  results  and  make  verification  of  the  predictions  difficult. 

Recent  advances  in  computer-hardware  technology  and  the  need  to  improve  the  understanding 
of  combustion  phenomena  under  complex  practical  situations  have  led  to  the  development  of  two- 
and  three-dimensional  Computational  Fluid  Dynamics  models  that  incorporate  detailed  chemical 
kinetics  (CFDC).'^"^  Complete  simulation  of  the  counterflow  diffusion  flame  using  multi¬ 
dimensional  models  would  not  only  eliminate  the  concerns  regarding  the  simplified  analyses  but 
also  provide  a  valuable  tool  for  studies  of  vortex-flame  interactions  in  counterflow  premixed'®  and 
diffusion"  flames.  This  paper  describes  a  numerical  study  of  traveling  and  stationary  unsteady 
flames  generated  through  various  vortex/flame  interactions  in  a  hydrogen  opposing-jet  diffusion 
flame. 

Numerical  Model: 

Time-dependent,  axisymmetric  Navier-Stokes  equations  written  in  the  cylindrical-coordinate 
(z-r)  system  are  solved  along  with  species-  and  energy-conservation  equations.'’  A  detailed- 
chemical-kinetics  model  has  been  used  to  describe  hydrogen-air  combustion.  This  model  consists 
of  thirteen  species— namely,  H2,  O2,  H,  O,  OH,  H2O,  HO2,  H2O2,  N,  NO,  NOj,  N2O,  and  N2.  A 
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detailed-chemical-kinetics  model  having  74  reactions  among  the  constituent  species  is  used,  and  the 
rate  constants  for  this  H2-O2-N2  reaction  system  were  obtained  from  Ref.  18. 

Temperature-  and  species-dependent  property  calculations  are  incorporated  in  the  model.  The 
governing  equations  are  integrated  on  a  nonuniform  staggered-grid  system.  An  orthogonal  grid 
having  rapidly  expanding  cell  sizes  in  both  the  axial  and  radial  directions  is  employed.  The  finite- 
difference  forms  of  the  momentum  equations  are  obtained  using  an  implicit  QUICKEST 
scheme, and  those  of  the  species  and  energy  equations  are  obtained  using  a  hybrid  scheme  of 
upwind  and  central  differencing.  At  every  time  step,  the  pressure  field  is  calculated  by  solving  the 
pressure  Poisson  equations  simultaneously  and  utilizing  the  LU  (Lower  and  Upper  diagonal) 
matrix-decomposition  technique.  This  model  has  been  validated  previously  by  simulating  various 
steady  and  unsteady  counterflow^'  and  coflow'^’^  jet  diffusion  flames. 

Results: 

The  opposing-jet-flame  burner  used  for  the  studies  of  unsteady  flame  stractures  was  designed 
by  Rolon"  and  is  shown  in  Fig.  1(a)  and  is  described  in  Ref.  11.  A  flat  flame  is  formed  between 
the  fuel  and  air  jets  having  velocities  of  0.69  and  0.5  m/s,  respectively.  The  hydrogen-to-nitrogen 
ratio  used  for  the  fuel  jet  is  0.38.  Calculations  for  this  axisymmetric  flame  were  made  using  a  non- 
uniform  301  X  121  mesh  system  distributed  over  a  physical  domain  of  40  x  40  mm,  which  yielded 
a  mesh  spacing  of  0.1  mm  in  both  the  axial  (z)  and  the  radial  (r)  directions  in  the  region  of  interest. 

Steady-State  Flame  Stmcture: 

The  computed  steady-state  flame  stmcture  along  the  stagnation  line  is  shown  in  Fig.  1(b).  The 
48-s"‘  air-side  strain  rate  of  this  flame  represents  a  weakly  strained  one.  The  flame  (peak- 
temperature  region)  is  located  at  z  =  19.2  mm,  and  its  temperature  of  1560  K  is  only  slightly  lower 
than  the  corresponding  adiabatic  temperature  of  1614  K.  In  general,  the  peak  strain  rate  on  the  fuel 
side  (Kf  =  60  s'')  will  be  greater  than  that  on  the  air  side  as  a  result  of  the  difference  in  the  density 
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of  the  two  jets.  Even  at  this  low  strain  rate,  the  fuel  and  oxidizer  are  not  completely  consumed 
simultaneously  in  the  flame  zone.  In  a  overlap  region  of  ~1  mm,  both  H2  and  Oj  are  present. 

The  steady-state  strain  rate  of  the  opposing-jet  flame  can  be  increased  by  gradually  increasing 
the  velocities  of  the  fuel  and  air  jets.  Calculations  were  repeated  by  varying  the  jet  velocities,  and  it 
was  found  that  a  stable  steady-state  flame  can  be  obtained  for  fuel  and  air  jet  velocities  of  16  and 
14  m/s,  respectively.  These  velocities  yielded  an  air-side  strain  rate  (KJ  and  flame  temperature  of 
1410  s  ‘  and  1130  K,  respectively;  these  values  agree  favorably  with  calculations  made  by  Gutheil 
et  al.^^ 

Air-Side  Vortex: 

As  described  earlier,  vortices  are  shot  toward  the  flame  surface  from  the  air  side  by  injecting  a 
specified  amount  of  air  (2.2  cm^)  through  the  S3ninge  tube.  Vortex  evolution  and  its  interaction 
with  the  flame  surface  depend  on  the  injection  time.  In  general,  with  the  shorter  injection  times,  the 
generated  vortices  travel  faster  toward  the  flame  surface  and  affect  its  structure  as  the  local  flow 
time  scales  approach  the  chemical  time  scales.  In  the  present  study,  the  unsteady  flame  simulations 
were  performed  by  injecting  air  through  the  syringe  tube  in  such  a  way  that  the  velocity  at  the  exit 
increased  linearly  at  a  rate  of  10^  m/s/s. 

The  axial  velocities  recorded  at  four  locations  along  the  stagnation  line  (z  =  0,  12.5,  20,  and 
27.5  mm)  are  plotted  with  respect  to  time  in  Fig.  2(a).  The  profile  at  z  =  0  represents  the  one  used 
to  represent  the  transient  boundary  conditions  for  the  unsteady-flame  simulation.  In  the  opposing- 
flow  configuration,  the  linearly  increasing  velocity  profile  transformed  into  a  wave-like  profile  as 
the  injected  mass  approached  the  stagnation  point.  The  oscillations  in  the  axial  velocity  that  appear 
after  the  vortex  has  passed  result  from  the  secondary  instabilities  established  on  the  injected-air-jet 
column.  These  instabilities  were  also  observed  in  the  experiments  of  Fiechtner.^'* 

The  vortex  and  flame  structures  at  t  =  12.1  ms  are  shown  in  Fig.  2(b).  While  the  vortex 
structure  is  shown  through  plots  of  the  instantaneous  locations  of  the  particles  that  were 
continuously  injected  from  both  the  air  and  fuel  nozzles,  the  flame  stmcture  is  shown  through  plots 
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of  the  iso-contour  lines  of  temperature  (on  the  right  side)  and  OH  concentration  (on  the  left  side). 
Since  a  diffusion  flame  is  always  established  on  the  air  side  of  the  stagnation  plane,  the  vortex  head 
crossed  the  high-temperature  contour  in  this  case.  At  12  ms,  the  flame  is  quenched  annularly,  as 
observed  from  the  break  in  the  OH  contours.  This  annular-quenching  phenomenon  was  also 
observed  in  the  experiments  of  Fiechtner  et  al.^'’^''  for  the  same  conditions. 

Fuel-Side  Vortex: 

The  unsteady  traveling  flame  established  by  a  fuel-side  vortex  is  shown  in  Fig.  3.  In  this  case 
also  the  amount  of  fluid  (fuel)  injected  from  the  fuel-side  syringe  nozzle  is  equal  to  that  employed 
for  the  air-side  vortex  generation.  However,  as  evident  from  the  slopes  of  the  velocities  in  Fig. 
3(a),  the  vortex  generated  on  the  fuel  side  is  traveling  slower  than  that  generated  on  the  air  side. 
This  is  due  to  the  lower  momentum  associated  with  the  light  fuel  injected  at  the  same  velocity.  The 
secondary  oscillations  developed  on  the  injected-fuel-jet  column  are  also  weaker  in  this  case. 

The  vortex  and  flame  structures  at  t  =  12. 1  ms  are  shown  in  Fig.  3(b).  Since  the  diffusion  flame 
is  always  established  on  the  air  side  of  the  stagnation  plane,  the  vortex  head  originated  on  the  fuel 
side  never  crosses  the  high-temperature  contour.  The  continuous  OH  and  temperature  contours 
around  the  vortex  head  indicate  that  the  flame  has  not  been  quenched  in  this  case. 

Vortices  from  Both  Sides: 

An  unsteady  stationary  flame  was  established  by  injecting  the  same  amount  of  fluid  from  each 
of  the  fuel-  and  air-side  nozzles.  The  axial  velocities  recorded  at  the  four  locations  (z  =  0, 12.5, 20, 
and  27.5  mm)  are  plotted  with  respect  to  time  in  Fig.  4(a),  and  the  vortex  and  flame  stractures  at  t 
=  9.5  ms  are  shown  in  Fig.  4(b).  In  this  case  also,  the  amount  of  fluid  injected  from  each  of  the 
syringe  nozzles  was  the  same  as  that  used  in  the  previous  two  cases.  However,  because  of  the 
differences  in  density,  the  vortex  generated  on  the  air  side  traveled  slightly  faster  than  that 
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generated  on  the  fuel  side.  As  a  result,  the  flame  surface  drifted  about  0.5  mm  toward  the  fuel 
nozzle  from  the  steady-state  flame  location  of  19.2  mm  in  9.5  ms. 

The  interaction  of  the  two  vortices  with  the  flame  surface  [Fig.  4(b)]  resulted  in  a  point 
extinction.  In  this  case,  extinction  first  occurred  at  the  stagnation  line  and  then  extended  radially 
outward.  This  is  in  contrast  to  the  annular  extinction  observed  in  the  case  of  the  air-side- 
vortex/flame  interaction  [Fig.  2(b)]. 

Vibrating  Flame: 

Another  method  of  creating  a  stationary  unsteady  flame  in  an  opposing-jet-flame  configuration 
involves  vibrating  the  flame  using  sinusoidal  velocity  modhlation  for  the  fuel  and  air  jets.  Typical 
results  for  this  case  are  shown  in  Fig.  5.  Here,  the  air  and  fuel  jet  velocities  are  modulated  with 
imposed  velocities  of  10  and  12.1  m/s,  respectively.  To  avoid  high  negative  velocities  at  the  nozzle 
exits,  which  result  in  significant  suction  of  the  surrounding  fluid  into  the  nozzles,  the  steady-state 
velocities  are  increased  to  5  and  6.9  m/s  for  the  air  and  fuel  flows,  respectively.  The  frequency  of 
oscillation  is  150  Hz.  As  evident  in  Fig.  5(a),  the  velocity  modulations  on  two  sides  of  the  flame 
are  in  phase  with  each  other. 

The  flowfields  obtained  in  the  minimum-  and  maximum-velocity  phases  are  shown  in  the  left 
and  right  halves  of  Fig.  5(b),  respectively.  In  this  figure,  iso-temperature  contours  are 
superimposed  on  the  velocity  fields.  Because  of  the  fluctuating  strain  rate  applied  to  the  flame,  its 
thickness  varies  between  3.1  mm  (in  minimum-velocity  phase)  and  1.0  nun  (in  maximum-velocity 
phase),  and  the  flame  has  not  been  extinguished.  Note  that  the  steady-state  flame  thickness  for  this 
increased-velocity  case  is  -1.5  mm. 
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Discussion 


The  air-side  and  fuel-side  vortex/flame  interactions  resulted  in  traveling  unsteady  flames. 
However,  a  detailed  analysis  of  the  simulations  revealed  that  the  traveling  unsteady  flames 
associated  with  these  moderate-speed  vortices  transform  into  traveling  steady-state  flames  near  the 
end  of  the  interaction  process.  For  demonstrating  the  effects  of  such  transformation  on  flame 
behavior,  traces  of  the  flame  location  and  the  changes  in  the  flame  temperature  are  shown  in  Fig.  6 
as  functions  of  time  for  all  four  cases  considered  in  this  study.  To  elucidate  the  extinction  process, 
the  flame  stmctures  along  the  stagnation  line  for  these  four  cases  are  plotted  in  Fig.  7.  The  times  is 
Figs.  7(a)-7(d)  and  those  in  Figs.  2-5,  respectively,  are  matched 

With  both  the  air-side-  and  the  fuel-side-injection  cases,  the  flame  velocity  increased  with  time 
initially  and  then  approached  a  constant  value  (flame  velocity  is  aparent  from  the  slope  in  the  flame 
position  in  Fig.  6).  In  the  case  of  the  air-side  vortex,  the  flame  reached  a  steady  velocity  of  4.05 
m/s  in  about  11  ms  after  the  start  of  the  vortex  injection.  Between  11  and  13  ms,  the  flame 
represents  a  traveling  steady-state  flame.  Interestingly,  the  flame  temperature  decreased  quickly  to 
1230  K  from  1560  K  while  the  flame  was  accelerating  and  then  slowly  to  ~1 150  K  while  the  flame 
was  moving  at  a  constant  velocity  of  4.05  m/s.  When  the  temperature  of  the  flame  was  reduced  to 
1150  K,  quenching  occurred  and  then  the  temperature  was  decreased  again  rapidly  to  room 
temperature,  even  though  the  vortex  was  traveling  at  the  same  velocity  of  4.05  m/s.  This  suggests 
that  the  diffusion  flame  responds  more  to  acceleration  than  to  translational  velocity.  In  fact,  the 
flame  temperature  decreased  only  by  10  K  in  the  case  of  the  fuel-side-vortex/flame  interaction 
during  this  constantTvelocity  phase.  This  means  that  the  flame  chemistry  in  this  case  adjusted  to  the 
new  velocity  conditions,  and  quenching  did  not  occur  even  when  the  interaction  was  advanced  for 
a  long  period  of  time.  Of  course,  other  factors  such  as  flame  curvature  might  become  significant  in 
extended-period  interactions  and  could  affect  the  flame  chemistry.  Indeed,  in  the  case  of  the  air- 
side- vortex/flame  interaction  that  is  what  occurred  to  yield  annular  extinction.  Extinction  in  this 
case  occurred  in  an  annular  ring  away  from  the  stagnation  line,  even  though  the  local  air-side  strain 
rate  was  lower  than  that  at  the  stagnation  line. 
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The  air-side  strain  rate  at  the  stagnation  line  during  the  air-side-vortex/flame  interaction 
increased  to  340  s''  at  t  =  9.1  ms  and  to  1770  s''  at  t  =  12.1  ms  [Fig.  7(a)].  The  flame  at  this  instant 
is  near  to  its  extinction  limit.  In  contrast,  the  steady-state  flame  was  extinguished  for  a  strain  rate  of 
only  1410  s''.  This  is  in  agreement  with  previous  studies^  which  suggest  that  unsteady  flames 
withstand  much  higher  stain  rates  than  the  steady-state  ones. 

In  the  case  of  the  fuel-side-vortex/flame  interaction,  the  flame  reached  a  steady  velocity  of  3.5 
m/s  in  about  10  ms  after  the  start  of  fuel  injection,  resulting  in  a  traveling  stationary  flame  between 
10  and  13  ms.  The  air-side  strain  rate  increased  to  only  180  s  '  at  t  =  9.1  ms  and  to  820  s  '  at  t  = 
12.1  ms.  Even  though  the  flame  in  this  case  was  not  extinguished,  its  temperature  was  reduced  to 
1260  K— just  110  K  above  the  extinction  value.  Further  calculations  with  slightly  higher 
acceleration  (1.1x10^  m/s^)  for  fuel  injection  yielded  extinction.  Interestingly,  even  in  this  case  the 
air-side  strain  rate  increased  to  912  s  '  only— which  is  much  lower  than  that  required  to  extinguish 
the  flame  with  the  air-side  vortex.  On  the  other  hand,  the  fuel-side  strain  rate  (K^)  increased  to  a 
value  well  above  1800  s''.  This  suggests  that  even  though  the  air-side  stain  rate  is  used  to 
characterize  a  steady-state  flame,  it  is  not  sufficient  to  describe  the  extinction  behavior  of  an 
unsteady  flame,  especially  when  the  flame  is  perturbed  with  fuel-side  vortices.  Similarly,  when  the 
air-  and  fuel-side  vortices  were  used  simultaneously  to  perturb  the  flame,  the  respective  side  strain 
rates  reached  values  of  1690  and  2300  s  '  just  after  extinction  [Fig.  7(c)].  As  seen  in  Fig.  6,  the 
flame  did  not  move  appreciably  from  its  steady-state  location  during  the  vortex/flame/vortex- 
interaction  process.  However,  the  temperature  decreased  more  rapidly  than  in  the  single¬ 
vortex/flame-interaction  cases. 

When  the  flame  was  periodically  perturbed  by  modulating  the  fuel  and  air  flows,  it  did  not 
become  quenched  but  reached  near-extinction  limits.  As  seen  in  Fig.  6,  the  flame  temperature 
oscillated  between  1450  and  1 150  K,  and  its  location  moved  within  a  1-mm  space.  The  structure  of 
the  flame  when  its  temperature  is  lowest  is  shown  in  Fig.  7(d).  Interestingly,  the  air-  and  fuel-side 
strain  rates  increased  to  only  1400  and  1650  s-1,  respectively;  these  rates  were  significandy  lower 
than  those  required  for  extinguishing  the  flame  using  a  single  vortex  or  double  vortices.  This  is 
understandable  since  the  flame  in  the  vibrating  case  was  subjected  to  periodic  perturbation  for  a 
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long  period  of  time  (four  cycles  prior  to  t  =  0)  and  since  the  flame  chemistry  does  not  respond 
similarly  to  increasing  and  decreasing  strain  rates.  This  was  confirmed  in  our  further  studies  with 
different  frequencies,  which  indicated  that  the  maximum  strain  rates  required  for  extinguishing  the 
flame  increase  with  frequency.  Such  observation  is  consistent  with  the  other  numerical  and 
experimental  studies  such  as  in  References  6, 7,  and  25.  It  is  important  to  note  that  perturbation  of 
the  same  magnitude  but  at  a  lower  frequency  developed  higher  strain  rates  on  the  flame. 

Conclusions: 

Unsteady  flames  are  often  studied  to  gain  a  better  understanding  of  turbulent-flame  stmctures 
and,  hence,  faciUtate  the  development  of  accurate  turbulence-chemistry  interaction  models.  A  time- 
dependent  CFDC  code  that  incorporates  13  species  and  74  reactions  among  the  constituent  species 
has  been  developed  for  simulation  of  unsteady  flames  resulting  from  different  vortex-flame 
interactions  in  opposing-flow  hydrogen  jet  diffusion  flames.  The  model  has  been  validated  by 
direct  simulation  of  several  steady-state  and  unsteady  axisyrametric  counterflow  and  coflow  jet 
diffusion  flames. 

A  steady-state  opposing-flow  jet  flame  was  established  using  the  Rolon-bumer  geometry. 
Several  unsteady  flames  were  then  obtained  by  injecting  vortices  into  the  flow  by  ramping  the 
velocity  at  the  center  portion  of  the  air-jet  exit,  fiiel-jet  exit,  or  both.  Calcidations  performed  for 
different  injection  schemes  have  identified  two  types  of  unsteady  flames—namely,  traveling  and 
stationary.  It  was  found  that  when  a  vortex  is  issued  either  from  the  air  or  the  fuel  side,  the  flame  is 
not  only  strained  but  also  moves  with  the  vortex  head,  creating  a  traveling  unsteady  flame.  On  the 
other  hand,  if  two  vortices  are  issued— one  from  each  side  of  the  flame— then  the  flame  is  subjected 
to  an  unsteady  strain  rate;  however,  it  is  locked  to  a  spatial  location,  leading  to  a  stationary 
unsteady  flame.  A  stationary-unsteady  flame  is  also  obtained  by  fluctuating  the  fuel  and  air  jet 
velocities  sinusoidally.  It  was  found  that  the  air-side  strain  rate  is  not  sufficient  for  characterizing 
unsteady  flames,  especially  those  perturbed  from  the  fuel  side.  In  general,  unsteady  flames  were 
found  to  withstand  higher  strain  rates  than  the  steady-state  ones;  in  particular,  traveling  unsteady 
flames  can  withstand  higher  strain  rates  than  stationary  unsteady  flames. 
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List  of  Figures: 


Figure  1.  (a)  Opposing-jet  flame  burner  designed  by  Rolon,  (b)  steady-state  flame  structure 
obtained  for  air  and  fuel  jet  velocities  of  0.5  and  0.69  m/s,  respectively. 

Figure  2.  Traveling  unsteady  flame  created  by  forcing  vortex  from  air  side,  (a)  Variation  of 
velocity  with  time  at  different  locations,  (b)  at  t  =  12.1  ms,  iso-contours  of  temperature  on  right 
side  and  OH  concentration  on  left  side,  superimposed  on  instantaneous  locations  of  particles 
injected  from  fuel  and  air  sides. 

Figure  3.  Traveling  unsteady  flame  created  by  forcing  vortex  from  fuel  side,  (a)  Variation  of 
velocity  with  time  at  different  locations,  (b)  at  t  =  12.1  ms,  iso-contours  of  temperature  on  right 
side  and  OH  concentration  on  left  side,  superimposed  on  instantaneous  locations  of  particles 
injected  from  fuel  and  air  sides. 

Figure  4.  Stationary  unsteady  flame  created  by  forcing  vortices  from  air  and  fuel  sides,  (a) 
Variation  of  velocity  with  time  at  different  locations,  (b)  at  t  =  9.5  ms,  iso-contours  of 
temperature  on  right  side  and  OH  concentration  on  left  side,  superimposed  on  instantaneous 
locations  of  particles  injected  from  fuel  and  air  sides. 

Figure  5.  Stationary  unsteady  flame  created  by  pulsating  both  air  and  fuel  jets  simultaneously  and 
sinusoidally,  (a)  Variation  of  velocity  with  time  at  different  locations,  (b)  iso-temperature 
contours  superimposed  on  velocity  vectors  at  minimum-velocity  instant  on  left  side  and  at 
maximum- velocity  instant  on  right  side. 

Figure  6.  Variations  of  flame  location  and  temperature  with  time  obtained  for  different  unsteady 
flames. 

Figure  7.  Flame  structure  along  stagnation  line  (a)  at  12.1  ms  during  air-side- vortex/flame 
interaction,  (b)  at  12.1  ms  during  fuel-side- vortex/flame  interaction,  (c)  at  9.5  ms  during 
double-vortex/flame  interaction,  and  (d)  at  maximum-stretch  phase  on  vibrating  flame. 
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In  numerical  calculations  of  counterflow-difiusion-flame  structures,  a  similarity  transformation  is  usually  introduced 
to  treat  the  problem  as  quasi-one  dimensional.  Despite  the  apparent  successful  comparisons  with  experiments,  some 
concern  has  been  expressed  regarding  the  quasi-one-dimensional  simplification  for  the  problem.  A  time-dependent, 
axisymmetric  CFDC  code  that  incorporates  finite-rate  chemical  kinetics  is  developed  for  the  direct  simulation  cf 
counterflow  jet  flames  and  using  this  the  extinction  process  in  strained  flames  is  investigated.  The  model  was  validated 
by'comparing  the  flame  structure  at  different  strain  rates  and  the  extinction  limits  with  those  obtained  fiom  experiments. 
Accuracy  of  different  chemical  kinetics  in  predicting  the  flame  structure  and  the  extinction  limits  is  also  investigated. 


Introduction 

A  thorough  imderstanding  of  the  flame  structure, 
ignition  and  extinction  of  laminar  flames  is  essential  fcr 
the  development  and  application  of  laminar  flamelet 
concepts  to  turbulent  flames.  A  flame  formed  in  between 
the  opposing  fiiel  and  air  jets  represent  a  simple  system 
for  simulating  and  understanding  laminar  flame  structure. 
Recently  a  numerous  investigations  (experimental  and 
numerical)  [1,2]  have  been  performed  to  quantify  the  scalar 
structure  of  steady-state,  aerodynamically  strained,  planar 
diffusion  flames.  Such  studies  on  coimterflow  di^ion 
flames  not  only  provided  benchmaric  experimental  data 
but  also  yielded  insight  into  the  flame  behavior  in 
response  to  strain  rate.  In  numerical  calculations  cf 
counterflow  diffusion-flame  structures,  a  similarity 
transformation  is  usually  introduced  to  treat  the  problem 
as  quasi-one  dimensional.  In  addition,  it  is  further 
assumed  that  the  outer  inviscid  flow  is  either  1) 
irrotational,  enabling  a  velocity  potential  to  be 
introduced“Which  leads  to  potential  flow-boundary 
conditions  or  2)  rotational  by  imposing  zero  radial 
velocity  at  the  nozzle  exits-which  leads  to  plug-flow 
boundary  conditions.  However,  studies  of  Chelliah  et  al 
[3]  suggest  that  the  experimental  outer  flow  is  neither  a 
plug  flow  nor  a  potential  flow.  Therefore,  in  order  to 
reconcile  the  differences  in  the  adopted  boundary  condition 
in  the  calculation  and  the  mixed  flow  in  the  experiment— 
and  recognizing  that  there  is  one  degree  of  freedom  in 
specifying  the  boundary  condition  of  the  flow  at  each 
boundary  because  the  radial  velocity  profile  at  the  inlet  is 
not  precisely  described-the  mass  fluxes  at  both  nozzle 
exits  are  adjusted  such  that  the  calculated  and  measured 
temperature  profiles  are  aligned.  Despite  ^parent 
successful  comparisons  with  experiments,  some  concern 


has  been  expressed  regarding  the  quasi-one-dimensional 
simplification  for  the  counterflow  difl^ion  flames. 

Recent  advances  in  computer-hardware  technology 
and  the  need  to  improve  the  understanding  of  combustion 
phenomena  under  complex  situations  have  led  to  the 
development  of  two-  and  three-dimensional 
Computational  Fluid  Dynamics  models  that  incorporate 
detailed  chemical  kinetics  [4,5].  However,  to  the 
knowledge  of  the  authors,  no  complete  simulation  of  the 
counterflow  diffusion  flame  has  been  reported.  Such 
simulations  not  only  eliminate  the  concerns  of  the  quasi- 
one-dimensional  analyses  but  also  provide  a  valuable  test 
case  for  the  validation  of  mathematical  models.  Also 
recent  experimental  studies  on  vortex-flame  interactions  in 
counterflow  diffusion  [6]  and  premixed  [7]  flames  demand 
two/three-dimensional  simulations  of  counterflow  flames. 

This  paper  describes  a  direct  numerical  study 
conducted  on  a  counterflow  methane  jet  diffusion  flame. 
The  CFDC  code  is  validated  by  simulating  several  flames 
that  were  experimentally  investigated.  The  structures  cf 
weakly  strained  and  near-quenching-limit  flames  are 
studied  and  the  results  are  focused  on  the  near-extinction- 
lirait  flames.  Accuracy  of  different  detailed  chemical- 
kinetics  models  proposed  in  the  literature  in  simulating  a 
counterflow  diffhsion  flame  is  assessed. 

Mathematical  Model 

In  the  mathematical  model  [8,9],  time-dependent 
Navier-Stokes  equations  are  solved  along  with  species- 
and  energy-conservation  equations  in  an  uncoupled 
maimer  on  a  staggered-grid  cylindrical  coordinate  system. 
However,  the  species  equations  are  solved  by  coupling 
them  through  the  production  terms.  A  clustered  mesh 
system  is  employed  to  trace  the  large  gradients  in  flow 
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variables  near  the  flame  surface.  Diflferent  detailed 
chemical-kinetics  models  proposed  in  the  literature  for  the 
simulation  of  methane-air  combustion  are  used  in  this 
study.  These  models  consist  of  either  17  species  (CH4, 
O2,  CH3,  CH2,  CH,  CH2O,  CHO,  CO2,  CO,  H2,  H,  O, 
OH,  H2O,  HO2,  H2O2,  and  N2)  or  24  species  (C2H,  C2H2, 
C2H3,  C2H4,  C2H5,  C2H6,  CHCO  in  addition  to  the  previ¬ 
ous  17  species).  The  total  number  of  elementary  reactions 
involving  these  reactive  species  is  52,  81  or  86  depending 
on  the  reaction  mechanism  used.  The  reaction  rates  fcr 
these  elementary  reactions  have  been  obtained  fiom  vari¬ 
ous  sources  [10,11,12].  The  thermo-physical  properties 
such  as  enthalpy,  viscosity,  thermal  conductivity  and 
binary  molecular  diffusion  coefficients  of  all  the  species  are 
calculated  from  the  polynomial  curve  fits  developed  for  the 
temperature  range  300  -  5000  K.  Mixture  viscosity  and 
thermal  conductivity  are  then  estimated  using  the  Wilke 
and  Kee  expressions,  respectively.  Molecular  diffusion  is 
assumed  to  be  of  the  binary-diffusion  type,  and  the  diflii- 
sion  velocity  of  a  species  is  initially  calculated  according 
to  Pick's  law  and  then  modified  for  the  effective-diffusion 
coefficient  of  that  species. 

The  finite-difference  forms  of  the  momentum 
equations  are  obtained  using  an  implicit  QUICKEST 
scheme[8],  and  those  of  the  species  and  energy  equations 
are  obtained  using  a  hybrid  scheme  of  upwind  and  central 
differencing.  At  every  time-step,  the  pressure  field  is 
accurately  calculated  by  solving  all  the  pressure  Poisson 
equations  simultaneously  and  utilizing  the  LU  (Lower 
and  Upper  diagonal)  matrix-decomposition  technique. 
Treatment  of  the  boundary  conditions  is  identical  to  that 
reported  in  earlier  papers  [8,9]. 

Results  And  Discussion 

The  CFDC  model  developed  for  the  simulation  of  a 
time-dependent  methane  jet  flames  was  used  for  the 
analysis  of  counterflow  jet  diffusion  flames.  The  flame 
system  investigated  in  the  present  study  was  previously 
studied  experimentally  by  Sung  et  al  [13].  The  burner 
assembly  consists  of  two  nozzle  burners  with  14-mm  exit 
diameters  spaced  1 3  mm  apart.  The  fuel  and  oxidizer  jets 
emanating  from  the  nozzles  were  made  to  impinge  on  each 
other.  Outer  nitrogen  co-flows  were  used  to  isolate  and 
stabilize  the  flame.  The  fuel  and  oxidizer  streams 
consisted  of  23%  methane  in  nitrogen  and  23%  oxygen  in 
nitrogen,  respectively.  In  addition,  the  mean  exit 
velocities  at  the  nozzles  were  kept  equal.  Several 
calculations  were  made  for  different  exit  velocities,  and  the 
results  were  compared  to  the  measurements.  A  typical 
flame  computed  using  the  axisymmetric  code  for  an  exit 
velocity  of  25,5  cm/s  is  shown  in  Fig.  1  in  the  form  of 
streamlines  superimposed  over  the  iso-temperature 
contours.  Fuel  flowing  fiom  the  bottom  nozzle  (z  =  0) 
reacts  with  the  oxidizer  flowing  from  the  top  (z  =  13  mm) 
and  yields  a  steady  laminar  flame  on  the  oxidizer  side  of 
the  stagnation  plane  (zero  axial  velocity  plane,  z  -  5.8 
ram).  The  flame  surface  may  be  identified  fi-om  the  1680- 
K  contours  passing  through  z  6,7-mm  plane  in  Fig.  1. 


Fig.  1.  Axi-symmetric  counterflow  diffusion  flame  directly 
simulated  for  an  exit  velocity  of  25,5  cm/s  using 
Computational  Fluid  Dynamics  with  Chemistry  (CFDC) 
model.  Streamlines  originating  fix)m  fuel  side  (bottom) 
and  oxidizer  side  (top)  are  superimposed  over  iso¬ 
temperature  contours. 

The  17-species,  52-reaction  chemical  kinetics  used  for 
the  above  simulations  was  adopted  from  the  mechanism 
recommended  by  Peters  [10].  The  computed  and 
measured  profiles  for  temperature  and  for  some  major 
species  shown  in  Fig.  2  compare  very  well.  In  feet, 
excellent  agreement  was  obtained  between  the  calculations 
and  measurements  for  low-strain-rate  flames  with  exit 
velocities  <  40.0  cm/s.  When  the  strain  rate  on  the  flama 
was  further  increased,  calculations  predicted  flame 
extinction  for  an  exit  velocity  of  45.5  cm/s.  On  the  other 
hand,  Sung  et  al  found  that  the  experimental  flame  was 
extinguished  at  a  velocity  of  -  77.5  cm/s.  In  fact,  when 
the  same  CFDC  code  was  used  for  the  prediction  cf 
coflowing  jet  diffusion  flames  it  was  noted  that  flame  at 
the  base  separates  from  the  nozzle  at  velocities  for  which 
experiments  have  shown  well  attached  flames. 

In  order  to  obtain  better  predictions  for  the  flames  that 
are  subjected  to  higher  strain  rate,  different  chemical 
kinetics  were  incorporated  into  the  CFDC  code.  Results 
in  the  form  of  centerline  flame  temperature  Vs  strain  rate 
obtained  using  selected  mechanisms  are  shown  in  Fig.  3. 
Here,  strain  rate  is  defined  based  on  the  exit  velocities  at 
the  fuel  and  air  nozzles  and  the  separation  between  those 
nozzles.  As  expected  flame  temperature  decreases  with 
strain  rate  and  extinction  occurs  when  it  falls  bellow 
~1500  K.  The  data  obtained  using  Peters  mechanism 
which  was  used  for  the  simulations  in  Figs.  1  and  2  is 
shown  with  solid  circles  in  Fig.  3.  Small  improvement 
was  obtained  in  the  prediction  of  extinction  conditions 
with  the  inclusion  ofC2  chemistry  [10].  This  version  of 
Peters  mechanism  has  24  species  and  81  elementary 
reactions.  C2  chemistry  impact  the  flame  structure 
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Fig.  2.  Comparison  of  calculated  (lines)  using  Peters 
Mechanism  and  experimental  (symbols)  temperature  and 
major  species  profiles  obtained  along  the  centerline  (z  =  0) 
for  a  weakly  strained  flame  with  exit  velocity  of  25.5 
cm/s. 


Fig.  3.  Variation  of  flame  temperature  at  centerline  with 
strain  rate  obtained  using  different  reaction  mechanisms. 
Calculations  were  extended  to  extinction  limits. 


negligibly  small  at  lower  strain-rate  conditions  by 
decreasing  the  flame  temperature  by  less  than  10  degrees 
and  improved  the  extinction  strain-rate  limit  to  80  s’ 
(corresponding  to  52  cm/s  exit  velocity).  The  predicted 
extinction  strain  rate  using  C2  chemistry  is  still  well 
below  the  experimentally  obtained  one  of  119  s’ 
(corresponding  to  77.5  cm/s  exit  velocity)  [13]. 

The  next  chemical-kinetics  mechanism  incorporated 
into  the  CFDC  code  is  that  used  by  Smooke  et  al.  [12]. 
Only  Cl  chemistry  was  first  used  in  the  present  study  and 
the  results  are  plotted  in  Fig.  3  using  cross  symbols. 
This  mechanism  consists  of  17  species  and  86  reactions 
yielded  counterflow  flames  only  up  to  a  strain  rate  of  55 
s'  (or  35.7  cm/s  velocity).  Adding  C2  chemistry  may 
result  in  slightly  better  results;  however,  one  should  not 
expect  any  better  performance  than  that  obtained  with 
Peters  mechanism  with  C2  chemistry.  In  order  to  improve 
the  CFDC  models  in  predicting  the  highly  strained  flame. 


a  sensitivity  analysis  was  performed  on  Peters  mechanism 
by  modifying  the  individual  reaction  rates.  Through  this 
systematic  sensitivity  analysis,  it  was  found  that  the  chain 
termination  reaction  involving  methyl  radicals  (CHs  +  H 
=  CH4)  was  responsible  for  the  early  extinguishment  cf 
the  computed  flames.  Peters  mechanism  uses  Lindemann 
fonn  for  the  rate  coefficient  of  the  CHs  +  H  =  CH4 
reaction.  Assuming  that  the  values  quoted  by  Peters  have 
a  degree  of  error  margin,  the  calculations  were  made  by 
gradually  reducing  the  reaction  rate  of  the  above  chain- 
termination  reaction.  It  was  found  that  an  order  cf 
magnitude  lower  rate  than  the  value  given  by  Peters 
yields  flame  extinguishment  at  a  velocity  of  77.5  cm/s- 
which  matches  with  the  experiment  very  well. 

The  strain  rate  Vs  flame  temperature  plot  obtained 
with  this  calibrated  mechanism  is  shown  in  Fig.  3  using 
open  circles.  Interestingly,  there  is  a  wide  variation  in  the 
literature  for  the  rate  of  the  CHs  +  H  =  CH4  reaction,  and 
Wamatz  [11]  has  recommended  a  different  set  cf 
parameters  for  this  reaction.  A  modified  Peters  mechanism 
is  obtained  by  replacing  the  rate  expression  of  CHs  +  H  = 
CH4  reaction  with  that  recommended  by  Wamatz  and  the 
results  obtained  are  plotted  in  Fig.  3  using  solid  circles 
and  solid  triangles  for  chemical  mechanisms  with  and 
without  C2  chemistry,  respectively.  Results  obtained  with 
the  modified  and  calibrated  chemistry  models  followed 
each  other  closely  and  gave  excellent  prediction  for  the 
extinction  strain  rate. 

The  rate  coefficiaits  obtained  from  different  rate 
expressions  for  CHa  +  H  =  CH4  reaction  are  plotted  in 
Fig.  4  at  several  temperatures  and  the  rate  expressions  are 
listed  in  Table  1.  As  evident  in  Fig.  4,  Smooke  et  al 
used  a  modified  Arrhenius  form  and  Peter  and  Wamatz 
used  Lindemann  form  for  the  rate  expression.  The  rate 
coefficients  used  by  Smooke  et  al,  recommended  by  Peters 
and  Wamatz  are  quite  different;  and  at  the  quenching 
temperature  ('^  1 500  K),  the  latter  is  an  order  of  magnitude 
lower  than  the  former  two.  In  fact,  at  this  temperature  the 


Fig.  4.  Specific  reaction  rate  for  CHs  +  H  =  CH4  reaction 
calculate  at  several  temperatures  using  different  rate 
expressions  found  in  the  literature. 
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Table  1  Rate  Expressions  forCHv+  H  =  CH4  reaction 


Source 

A 

n 

E 

(cm  /mole/s) 

(cal/mole) 

Peter  [10] 

k- 

2.108  E+14 

0.0 

0.0 

ko 

6.257  E+23 

-1.8 

0.0 

wamatz  [11] 

k- 

6.000  E+16 

-1.0 

0.0 

ko 

8.000  E+26 

-3.0 

0.0 

Smooke  [12] 

6.000  E+16 

-7.0 

9050.0 

Calibrated 

k- 

5.610  E+12 

0.0 

0.0 

ko 

6.257  E+23 

-1.8 

0.0 

reaction  rate  obtained  ifroni  the  Wamatz-recommended 
values  matched  very  closely  with  those  obtained  through 
the  trial-and-error  sensitivity  calculations.  This  indeed 
suggests  the  accuracy  of  the  present  counteiflow-flame 
calculations  using  the  two-dimensional  model.  By  using 
the  modified  chemistry  mechanism,  calculations  are 
performed  for  different  exit  velocities  and  the  results  are 
compared  with  those  obtained  experimentally  by  Sung  et 
al.  for  a  weakly  strained,  moderately  strained,  and  highly 
strained  flame  in  Figs.  5,  6,  and  7,  respectively.  Excellent 
agreement  was  found  between  the  calculations  and 
measurements  for  temperature  and  major  species  for  all  the 
three  cases.  It  should  be  noted  that,  unlike  in  the  one¬ 
dimensional  calculations,  no  adjustment  was  made  to  the 
mass  flow  rates  to  match  the  temperature  profile-a  definite 
advantage  in  using  two-dimensional  CFDC  codes  fcr 
counterflow  flame  problems.  The  flame  structure  and  the 
axial  velocity  profiles  along  the  centerline  are  shown  in 
Fig.  8  for  (Afferent  strain  rates.  As  expected,  the  flame 
thickness  and  temperature  decrease  with  strain  rate  and  the 
velocity  profiles  show  peaks  that  resulted  firom  the  thermal 
expansion  in  the  flame  zone  on  both  sides  of  the 
stagnation  point.  These  axi-symmetric  calculations 
indicate  that  even  though  the  velocity  profiles  are  not 
symmetric  with  respect  to  the  zero-velocity  (stagnation) 
point  they  all  pass  through  the  stagnation  point  at  the 
same  location  from  the  fuel  nozzle  exit.  As  the  flame  is 
strained  the  peak-temperature  location  moves  closer  to 
this  stagnation  point.  The  flame  and  flow  structures  of  the 
flame  at  near-extinctibn  limit  (77.5  cm/s)  are  shown  in 
Fig.  9,  The  flame  temperature  at  the  centerline  is  lower 
than  those  at  other  radial  locations.  This  variation  in 
temperature  along  the  flame  surface  was  not  observed  in 
the  weakly  strained  flame  (Fig.  1)  and  is  believed  to  be 
resulting  from  the  non-unity  Lewis  numbers  of  the  species 
in  the  flame  zone. 

Sung  et  al.  [13]  indicated  that  the  counterflow 
difiusion  flame  formed  between  the  diluted  methane  and 
oxygen  jets  was  extinguished  when  the  exit  velocity  was 
increased  to  77.5  cm/s.  Amazingly,  when  the 
calculations  were  performed  (using  the  modified  chemical 
kinetics)  by  increasing  the  exit  velocity  in  steps  of  0.5 


Fig.  5.  Comparison  of  calculated  (lines)  using  Modified 
Mechanism  and  experimental  (symbols)  temperature  and 
major  species  profiles  obtained  along  centerline  (z  =  0)  fcr 
weakly  strained  flame  with  exit  velocity  of  25.5  cm/s. 


1800 

1400 
1000  ^ 
600 

200 


Fig.  6.  Comparison  of  calculated  (lines)  using  Modified 
Mechanism  and  experimental  (symbols)  temperature  and 
major  species  profiles  obtained  along  centerline  (z  =  0)  fcr 
moderately  strained  flame  with  exit  velocity  of  45.0  cm/s. 
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Fig.  7.  Comparison  of  calculated  (lines)  using  Modified 
Mechanism  and  experimental  (symbols)  temperature  and 
major  species  profiles  obtained  along  centerline  (z  ==  0)  fcr 
highly  strained  flame  with  exit  velocity  of  65.0  cm/s. 
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cm/s,  it  was  found  that  1)  a  stable  flame  is  established  fir 
the  exit  velocity  of  77.5  cm/s  and  2)  the  flame  is 
quenched  when  the  velocity  is  increased  to  78.0  cm/s.  A 
^damental  concern  with  the  numerical  simulations  is 
that  dependency  of  the  results  on  grid  spacing  and 
especially  in  the  simulations  for  reactive  flows  it  is 
believed  that  one  should  use  extremely  fine  mesh  system 
to  resolve  all  the  reaction  time  scales.  This  may  be  true 
with  an  explicit-type  calculations.  The  numerical 
procedure  used  in  the  present  CFDC  code  is  based  on 
semi-implicit  formulation  and  it  is  found  that  one  can 
obtain  grid  independent  results  without  going  fir 
extremely  fine  grid  system.  Calculations  presented  in 
Figs.  1  through  9  were  obtained  using  a  101x41  grid 
system.  The  101  grid  points  were  uniformly  distributed 
in  the  axial  direction  between  the  fuel  and  oxidizer  nozzles 


Fig.  8.  Computed  axial  velocity  and  temperature  profiles 
along  centerlines  of  counterflow  diffusion  flames  under 
different  strain  rates. 
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that  were  separated  by  13  mm.  Calculations  were 
performed  using  a  301x41  grid  system  for  different 
velocities  and  found  negligible  differences  between  these 
results  and  those  obtained  with  101x41  grid  system.  The 
extinction  limit  obtained  with  the  finer  mesh  system  did 
not  change  fi:om  77.5  cm/s.  The  temperature,  axial 
velocity  distributions  along  the  centerline  obtained  with 
the  two  grid  systems  are  compared  in  Fig.  10  and  the 
profiles  for  reactants  and  radical  concentrations  in  Fig.  1 1 
for  the  near-extinction  limit  flame  (77.5  cm/s). 

In  order  to  investigate  the  differences  in  the  structures 
of  the  weakly  strained  flame  and  the  flame  obtained  at  near 
quenching  limits,  the  total  heat-release  and  molar- 
production  rates  for  reactants,  CHs  and  other  radicals 
along  the  stagnation  line  for  the  25.5  and  77.5-cm/s  cases 
are  shown  in  Figs.  12(a)  and  12(b),  respectively.  These 
flame  structures  are  very  similar  to  those  computed  by 
Sung  et  al.  [13]  for  the  pure  methane-air  counterflow 
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Fig.  10.  Comparison  of  axial  velocity  and  temperature 
profiles  along  centerline  of  counterflow  diffusion  flames  at 
near  extinction  condition  (77.5  cm/s)  obtained  using 
101x41  (symbols)  and  301x41  (lines)  grid  systems. 
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Fig.  9.  Highly  strained  axi-symmetric  counterflow 
diffusion  flame  simulated  for  an  exit  velocity  of  75.5  cm/s. 
Streamlines  originating  fiom  fuel  (bottom)  and  oxidizer 
(top)  side  are  superimposed  over  iso-temperature  contours. 


Fig.  11.  Comparison  of  different  species  profiles  along 
centerline  of  counterflow  diffusion  flames  at  near  extinction 
condition  (77.5  cm/s)  obtained  using  101x41  (symbols) 
and  301x41  (lines)  grid  systems. 
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for  the  weakly  strained  flame  structure,  it  fails  in 
predicting  the  quenching  limits.  In  fact,  several 
mechanisms  reported  in  the  literature  seem  to  give  good 
predictions  only  for  weakly  strained  flames  and  they  tend 
to  fail  as  the  flames  are  strained  to  the  extinction  limits. 
Through  trial-and-error  analysis  it  is  found  that  the  radical 
destruction  reaction  (CHs  +  H  =  CH4)  is  the  most 
sensitive  reaction  in  governing  the  extinction  limits.  By 
replacing  the  rate  expression  of  Peters  for  the  CHs  +  H  = 
CH4  chain-terminating  reaction  by  the  one  recommended 
by  JVamatz,  the  quenching  limits  were  accurately 
obtained.  It  is  also  found  that  use  of  implicit-type 
procedures  eliminates  the  need  of  using  very  fine  grid 
system  for  the  calculation  of  reactive  flows. 
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Fig.  12.  Computed  molar-production  rates  of  reactants 
and  radicals  and  total-heat-release  rate  profiles  along 
stagnation  line  for  (a)  weakly  strained  fitoe  with  exit 
velocity  of  25.5  cm/s  and  (b)  flame  at  near  quenching 
limit  with  exit  velocity  of  77.5  cm/s. 

diffusion  flame.  The  peak  temperature  decreased  firom  1683 
to  1518  K  when  the  weakly  strained  flame  (25.5  cm/s) 
was  stretched  to  near  extinction  limits  (77.5  cm/s). 
However,  the  maximum  reactant  consumption  rates  for  the 
latter  case  are  nearly  twice  those  of  the  former  and  the  rates 
for  radicals  did  not  change  much.  This  suggests  that 
extinction  in  strained  counterflow  diffusion  flame 
primarily  occurs  due  to  the  decrease  in  temperature. 

Conclusions 

A  time-dependent,  axisymmetric  CFDC  code  that 
uses  finite-rate  chemistry  models  was  developed  for  the 
direct  simulation  of  counterflow  jet  diffusion  flames 
formed  between  diluted  methane  and  air  jets.  The  results 
were  compared  with  the  measurements  of  Sung  et  al. 
Unlike  in  the  one-dimensional  simulations  of  counterflow 
flames,  no  adjustments  were  made  for  the  flow  rates  in 
these  axisymmetric  calculations  to  match  the  computed 
and  measured  temperature  profiles.  It  was  found  that 
although  Peters  mechanism  yields  very  good  predictions 
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4.1.4  Trapped-Vortex  Combustor 

Spatially  locked  vortices  in  the  cavities  of  a  combustor  can  aid  in  stabilizing  the  flame 
but  restrict  the  entrainment  of  the  main  air  into  the  cavity.  Through  proper  cavity  design 
it  is  possible  to  lock  (trap)  the  vortices  spatially,  thereby  stabilizing  the  flame.  In  an 
attempt  to  understand  the  dynamics  in  these  different-sized  cavities  under  cold  and 
combusting  environments,  a  numerical  investigation  was  performed;  and  the  results  are 
reported  in  the  paper  entitled  “Numerical  Studies  on  Trapped-Vortex  Combustor”  (see 
pp.  942-952).  In  the  study  reported  in  the  paper  entitled  “Direct  Numerical  Simulation  of 
Unsteady  Non-Reacting  Flows  in  a  Trapped-Vortex  Combustor,”  it  was  found  that  mass 
injection  increases  the  optimum  size  of  the  cavity,  providing  more  efficient  mixing  and 
longer  residence  time  for  the  fuel/air  mixture.  This  paper,  by  V.  R.  Katta  with  W.  M. 
Roquemore  (AFRL),  was  presented  at  the  Seventh  International  Symposium  on 
Computational  Fluid  Dynamics,  15-19  September  1997,  Beijing,  China,  and  published  in 
the  Conference  Proceedings  [(F.  G.  Zhuang,  Ed.)  (International  Academic  Publishers, 
Beijing,  China,  1997),  pp.  791-796].  A  numerical  investigation  was  performed  to  aid  the 
understanding  of  the  entrainment  and  residence-time  characteristics  of  cavity  flows  for 
different  cavity  and  spindle  sizes;  the  results  are  documented  in  the  paper  entitled 
‘TSfumerical  Studies  on  Trapped-Vortex  Concepts  for  Stable  Combustion”  (see  pp.  953- 
961).  An  investigation  of  the  vortex  dynamics  of  a  cavity  into  which  fluid  mass  is 
directly  injected  through  jets  is  discussed  in  the  paper  entitled  “Study  on  Trapped-Vortex 
Combustor  -  Effect  of  Injection  on  Flow  Dynamics”  (see  pp.  962-970).  A  numerical 
study  of  a  trapped-vortex  combustor  was  conducted  utilizing  a  detailed  chemistry  model 
with  33  species  and  92  reversible  reactions  incorporated  to  simulate  propane  combustion; 
the  results  are  discussed  in  a  publication  entitled  “Simulation  of  Unsteady  Flows  in  an 
Axisymmetric  Research  Combustor  Using  Detailed-Chemical  Kinetics”  (see  pp.  971- 
980). 
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Abstract: 

Spatially  locked  vortices  in  the  cavities  of  a 
combustor  aid  in  stabilizing  the  flames.  On  the  other 
hand,  these  stationary  vortices  also  restrict  the  entrainment 
of  the  main  air  into  the  cavity.  For  obtaining  good 
performance  characteristics  in  a  trapped- vortex  combustor, 
a  sufficient  amount  of  fuel  and  air  must  be  injected 
directly  into  the  cavity.  Thi^  paper  describes  a  numerical 
investigation  performed  for  understanding  the  vortex 
dynamics  in  cavities  having  different  sizes  under  cold  and 
combusting  environments.  A  thiid-oider-accurate  time- 
dependent  Computational  Fluid  Dynamics  with  Chemistry 
(CFDC)  code  was  used  for  simulating  the  dynamic  flows 
associated  with  forebody-spindle-disk  geometry.  It  was 
found  from  the  non-reacting  flow  simulations  that  at  the 
optimum  disk  location,  the  vortices  inside  the  cavity  and 
behind  the  disk  are  spatially  locked.  It  was  also  found  that 
for  cavity  sizes  smaller  than  the  optimum,  multiple 
vortices  develop  within  the  cavity  and  are  associated  with 
vortex  shedding.  The  preliminary  reacting-flow 
calculations  indicated  that  the  dynamic  vortices  developed 
inside  the  cavity  with  the  injection  of  fuel  and  air  do  not 
shed,  even  though  the  cavity  size  was  determined  based  on 
cold-flow  conditions. 

Introduction: 

A  revolutionary  advancement  in  the  development  of  a 
simple,  compact,  and  efficient  method  of  combustion  was 
recently  proposed  by  Hsu  et  al.^  This  new  combustor 
concept  employs  a  vortex  that  is  trapped  in  a  cavity  to 
stabilize  the  flame-hence,  is  referred  as  Tre^ped-Vortex 
(TV)  concept.  Even  though  the  idea  of  trapping  a  vortex 
for  flame  stabilization  purposes  is  novel  one,  interest  in 
the  utilization  of  vortex  motion  to  aerodynamic  advantage 
has  intrigued  aerodynamicists  for  many  years. 
Experiments  of  Rohsenow  et  al.^  have  shown  that  when 
two  circular  orifices  are  placed  in  series  in  a  pipe,  a  large 
recovery  of  pressure- occurs  across  the  second  orifice  in 
certain  circumstances;  hence,  the  overall  pressure  drop  is 
considerably  less  for  the  two  orifices  than  for  a  single  one 
having  the  same  flow.  In  ribbed  diffusers,  Migay^  found 
that  balancing  the  fluid  removed  by  entrainment  and  the 
fluid  entering  the  cavity  by  reversed  flow  ensures  that  the 
flow  outside  die  cavities  will  follow  the  ribs  fairly 
closely,  and  a  good  pressure  recovery  will  be  obtained. 
Mair"^  showed  that  on  mounting  a  disk  behind  the  base  of 
a  blunt  body  the  drag  of  the  blunt  object  can  be  reduced. 
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Using  similar  concepts,  Roshko  and  Koenig^  reported  a 
reduction  in  drag  of  blunt  forebodies  when  disks  are  placed 
on  spindles  ahead  of  the  body. 

In  order  to  understand  the  aerodynamics  associated  with 
minimum-drag  conditions,  Little  and  Whipkey^  conducted 
extensive  investigations  on  the  dynamic  nature  of  flows 
over  bluff  bodies  using  smoke-flow-visualization  and 
laser-velocimetry  techniques.  Because  of  the  limitations  of 
the  smoke  tunnel,  they  used  reduced  flow  conditions  (- 
0.3  m/s)  and  half-scaled  geometries  for  the  flow- 
visualization  studies  and  full-scale  geometries  and 
turbulent  flows  (-  30  m/s)  for  the  time-averaged  drag 
measurements.  Based  on  these  reduced  and  full-scale 
experiments,  they  correlated  the  afterbody  drag  and  the 
motion  of  the  vortex  in  the  wake  region  and  postulated 
that  a  minimum-drag  condition  established  when  the  wake 
vortices  are  locked  between  two  disks  mounted  in  series 
on  a  spindle.  They  also  suggested  that  the  cavity  formed 
between  the  disk  and  the  bluff  body  should  be  of  such 
dimensions  that  the  locked  vortex  effectively  fills  the 
cavity.  Since  these  dynamic  flow  results  were  obtained  for 
velocities  lower  by  nearly  two  orders  of  magnitude  than 
those  used  in  the  full-size  wind-tunnel  experiments,  these 
conclusions  are  open  to  question.  And  also,  in  practical 
combustors,  partial  burning  takes  place  in  the 
recirculation  zones  and  in  the  cavity  vortices  which  could 
alter  the  vortex  dynamics.  As  a  result,  it  might  be 
expected  that  the  criterion  for  trapping  a  vortex  in  a 
combustor  would  be  different  from  that  observed  in  cold 
flows. 

Performing  experimental  studies  on  vortex  dynamics 
inside  the  cavities  in  a  combusting  environment  is 
extremely  difficult  mainly  because  of  1)  limited  access  to 
the  bright,  hot  cavity  flow  and  2)  problems  arising  from 
the  use  of  moving  parts.  On  the  other  hand,  recent 
progress  in  Direct-Numerical-Simulation  (DNS) 
techniques^**  has  led  to  a  growing  interest  in  the 
investigation  of  dynamic  flows  computationally  which, 
provides  an  alternative  means  of  addressing  issues 
concerning  minimum  drag  and  locked  vortices  under  high¬ 
speed  and  combusting  conditions. 

In  the  present  paper  numerical  studies  were  made  on 
the  flowfields  in  a  research  tr^ped-vortex  combustor* 
using  a  third-order-accurate  time-dependent  Computational 
Fluid  Dynamics  with  Chemistry  (CFDQ  code  and  a  large 
number  of  grid  points.  Cold-flow  simulations  for  a 
forebody-spindle-disk  geometry  that  is  similar  to  the  one 
used  in  the  trapped- vortex  combustor  were  made  to  gain  an 
understanding  of  the  dynamic  nature  of  the  cavity  flow. 
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Calculations  for  the  cold  and  reacting  flows  were  also 
performed  using  k-e  turbulence  model  and  the  results  are 
compared  with  the  instantaneous  and  time-averaged  DNS 
data. 

Modeling: 

A  time-dependent,  axisymmetric  mathematical  model 
that  solves  for  axial-  and  radial-momentum  equations, 
continuity,  and  enthalpy-  and  species-conservation 
equations  is  used  to  simulate  the  flowfields  in  the  trapped- 
vortex  combustor.  Density  is  obtained  by  solving  the 
state  equation,  while  the  pressure  field  at  every  time  step 
is  determined  from  pressure  Poisson  equations.  For  the 
cases  in  which  turbulent-flow  characteristics  were 
modeled,  the  time-dependent  equations  for  turbulent  energy 
(k)  and  turbulent-energy  dissipation  (e)  are  also  solved, 
dong  with  the  other  governing  equations.  The  standard 
isotropic  k-e  turbulence  model  is  incorporated  in  those 
cases.  Even  though  all  the  governing  equations  are  solved 
in  an  uncoupled  manner,  the  turbulence  and  species- 
conservation  equations  are  coupled  through  the  source 
terms  during  the  solution  process  to  improve  the  stability 
of  the  algorithm. 

In  the  present  analysis  of  reacting  flows,  the  simple 
global-chemical-kinetics  model  involving  propane, 
oxygen,  water,  carbon  dioxide,  and  nitrogen  us^  is 
expressed  as  follows; 

CjHg  +  5  O2+  N2==>  3  CO2  +  4  H2O  +N2. 

The  specific  reaction  rate  for  the  above  equation  is  written 
in  A^henius  form,  with  an  activation  energy  of  1000 
cal/mole  and  pre-exponential  of  1.0  x  10*^  mVmoleVs  to 
yield  very  high  reaction  rates  at  all  temperatures. 

An  orthogonal,  staggered-grid  system  with  varying 
cell  sizes  in  both  the  x  and  r  directions  is  utilized.  The 
momentum  equations  are  integrated  using  an  implicit 
QUICKEST  (Quadratic  Upstream  Interpolation  for 
Convective  Kinematics  with  Estimated  Streaming  Terms) 
numerical  scheme^- which  is  third-order  accurate  in  both 
space  and  time  and  has  a  very  low  numerical  diffusion 
error.  On  the  other  hand,  the  species,  enthalpy,  and 
turbulence-energy  conservation  equations,  which  have 
relatively  large  source  terms,  are  integrated  using  the 
hybrid  scheme  of  Spalding.^*  By  rearrangement  of  the 
terms,  the  finite-difference  form  of  each  governing 
equation  at  all  grid  points  is  written  as  a  system  of 
algebraic  equations  which  is  then  solved  using  the 
Altemative-Direction-Implicit  (ADI)  technique.  The  time 
increment,  At,  is  determined  from  the  stability  constraint 
and  maintained  as  a  constant  during  the  entire  calculation. 
The  pressure  field  at  every  time  step  is  accurately 
calculated  by  simultaneously  solving  the  system  of 
algebraic  pressure  Poisson  equations  at  all  grid  points 
using  the  LU  (Lower-Upper)  decomposition  technique. 

Temperature-  and  species-dependent  thermodynamic 
and  transport  properties  are  used  in  this  formulation.  The 
enthalpy  of  each  species  is  calculated  from  polynomial 
curve-fits,  while  the  viscosity,  thermal  conductivity,  and 
diffusion  coefficients  of  the  species  are  estimated  from  the 
Lennard-Jones  potentials. 


Flat  velocity  profiles  are  used  at  the  fuel  and  air  inflow 
boundaries.  A  simple  extrapolation  procedure*^  with 
weighted  zero-  and  first-order  terms  was  used  to  estimate 
the  flow  variables  at  the  out-flow  boundary.  The  usual 
no-slip,  adiabatic,  and  chemically  inert  boundary 
conditions  were  applied  at  the  walls.  Wall  functions  woe 
used  for  determining  the  gradients  of  the  flow  variables 
near  the  walls  in  the  cases  where  turbulence  was  modeled. 

Results  and  Discussion: 

The  geometry  chosen  for  the  study  of  fluid-dynamics 
effects  on  a  bluff  forebody  is  very  similar  to  that  used  by 
Little  and  Whipkey^  in  their  experimental  investigations 
on  locked  vortices  and  by  Hsu  et  al.^  in  the  trapped-vortex 
combustor.  It  consists  of  a  100-mm-diameter  flat 
cylindrical  forebody  enclosed  in  an  annular  cylindrical  tube 
having  a  200-mm  inner  diameter.  An  afterbody  disk 
having  diameter  and  thickness  of  75  and  2  mm, 
respectively,  is  attached  to  the  forebody  using  a  spindle  of 
9-mm  diameter.  The  size  of  the  cavity  formed  between 
the  forebody  and  the  disk  is  varied  by  moving  the  disk 
toward  or  away  from  the  forebody.  Airflow  over  this  body 
develops  vortices  inside  the  cavity  and  behind  the  disk; 
normally  these  vortices  shed,  and  the  flow  becomes 
dynamic  in  nature.  The  velocity  of  the  air  used  in  the 
annular  gap  between  the  forebody  and  the  surrounding  tube 
is  30  m/s.  Axisymmetric  calculations  are  made  for 
different  cavity  sizes  using  a  301  X  91  grid  system.  The 
geometry  and  the  grid  system  used  are  shown  in  Fig.  1. 
Variation  of  the  grid  spacing  was  adopted  in  both  the  axial 
(x)  and  radial  (r)  directions  to  cluster  the  grid  points  in  the 
cavity  and  near  the  walls. 

Starting  from  a  uniform  initial  flowfield  around  the 
forebody-spindle-afterbody  combination,  direct  numerical 
simulations  (DNS)  are  made  for  different  cavity  sizes 
using  the  model  described  earlier.  Turbulence  modeling 
was  not  used  in  these  direct  simulations.  In  order  to  obtain 
results  not  biased  by  the  initial  uniform  flowfield,  initial 
calculations  for  25,000  time  steps  (corresponding  to  0.675 
s  of  real  time)  were  discarded  prior  to  recording  of  the 


Fig.  1.  Geometry  of  the  forebody-spindle-disk 
combination  used  for  the  study  of  trapped-vortex  concepts 
in  cold  and  combustion  environments.  Grid  system 
employed  for  the  direct  simulation  of  large-scale  structures 
is  ^so  shown. 
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dynamic  solutions.  Calculations  were  then  continued  for 
another  5,000  time  steps  for  data-analysis  purposes. 

Cold  Flow  in  Cavity: 

Calculations  were  perfonned  on  the  afterbody-spindle- 
forebody  combination  described  previously  for  different 
cavity  sizes  and  for  an  annular  airflow  velocity  of  30  m/s. 
The  direct  simulation  using  301  X  91  grid  points  resulted 
in  dynamic  flows  with  a  degree  of  unsteadiness  related  to 
the  cavity  size. 

The  instantaneous  solution  obtained  for  the  forebody- 
spindle  combination  (without  the  disk)  is  shown  in  Fig.  2 
in  the  form  of  velocity  vectors  in  the  upper  half  and 
particle  traces  in  the  lower  half.  This  solution  represents 
data  obtained  at  the  end  of  the  30,0(X)-time-step 
calculation.  The  flowfield  is  nearly  at  steady  state,  with  a 
large  recirculation  zone  being  created  downstream  of  the 
forebody  and  extending  up  to  z  =  160  mm.  A  small  vortex 
has  also  developed  in  the  comer  of  the  forebody  and 
spindle.  For  visualizing  the  dynamic  nature  of  the  flow, 
the  instantaneous  positions  of  the  particles  that  w«e 
continuously  released  from  locations  near  the  entrance 
region  are  shown  in  Fig.  2.  The  solid  triangles  represent 
the  locations  of  the  particles  that  were  released  in  the 
freestream  and  close  to  the  forebody,  whereas  the  open 
circles  represent  the  locations  of  the  particles  that  were 
released  away  (r  >  60  mm)  from  the  forebody.  The  steady 
nature  of  the  flowfield  in  the  absence  of  die  afterbody  disk 
(Fig.  2)  is  evident  from  the  separate  streaks  of  particles. 
Note  that  none  of  the  particles  injected  into  the  freestream 
entered  the  recirculation  region  formed  behind  the 
forebody.  On  the  other  hand,  the  particles  that  woe 
injected  into  the  recirculation  zone  (not  shown  in  the 
figure  for  clarity)  remained  within  the  recirculation  region. 

Perturbation  to  the  steady  flow  that  developed  over  the 
forebody-spindle  geometry  is  studied  by  placing  a  disk  on 
the  spindle.  The  instantaneous  flowfields  obtained  with 
the  disk  located  at  different  distances  from  the  forebody  are 
shown  in  Figs.  3(a)-3(d).  The  plotting  scheme  used  for 
these  figures  is  identic^  to  that  used  in  Fig.  2.  In  general, 
vortices  are  formed  in  the  cavity  and  downstream  of  the 
disk  in  all  cases.  When  the  cavity  formed  between  the 
forebody  and  disk  is  small  [Fig.  3(a)],  several  vortices  are 
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Fig.  2.  Non-reacting  flow  around  the  geometry  formed 
with  l(X)-mm-diameter  forebody  and  a  spindle  of  DJDq  = 
0.0938.  Velocity  vectors  and  particle  distributions  are 
shown  in  the  upper  and  lower  halves,  respectively. 
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developed  within  the  cavity,  and  the  flow  is  dominated  by 
two  counter-rotating  vortices.  Note  that  the  largest  vortex 
in  the  cavity  is  rotating  in  the  direction  opposite  that  of 
the  recirculating  vortex  seen  in  Fig.  2.  The  unsteady 
nature  of  these  cavity  vortices  triggers  shedding  of  the 
large  recirculating  vortex  formed  behind  the  disk.  The 
dynamics  of  the  flow  may  be  visualized  readily  from  the 
particle  traces  (or  streak-lines)  shown  on  the  lower  half  of 
each  plot  in  Fig.  3.  A  significant  number  of  particles 
represented  by  solid  triangles  has  entered  the  cavity  and  the 
vortex  behind  the  disk  in  the  case  of  X^o  =  0.4;  which, 
indicates  the  intense  mixing  resulting  from  the  ctynamic 
flow  structures. 

When  the  disk  was  located  at  Xg/Do  =  0.6,  the  cavity 
flow  became  steady;  as  a  result,  the  flow  behind  the  disk 
also  became  nearly  steady  [Fig.  3(b)].  The  total  drag  undo* 
this  condition  readied  a  minimum  value.  Well-defined 
comer  vortices  have  formed  in  this  case.  Interestingly,  the 
direction  of  rotation  of  the  fluid  in  the  cavity  follows  that 
observed  for  the  no-disk  case  (Fig,  2).  The  steady  vortices 
in  the  cavity  and  behind  the  disk  in  this  optimum  case 
seem  to  be  the  split  parts  of  the  steady  vortex  computed 
without  the  disk,  and  the  velocity  vectors  at  the  tip  of  the 
disk  show  that  the  fluid  is  passing  around  the  disk 
smoothly.  However,  the  location  of  the  main-flow  re¬ 
attachment  point  on  the  spindle  has  shifted  from  1 10  to 
125  mm  from  the  forebody  with  the  addition  of  the  disL 
This  increase  in  the  re-attachment  distance  was  also 
observed  in  the  flow-visualization  experiments  of  Little 
and  Whipkey.^  Simulations  made  for  XJDq  =  0.7  [Fig. 
3(c)]  yielded  perfectly  steady  vortices  within  the  cavity  and 
behind  the  disk.  The  flow  structure  is  similar  to  that 
observed  for  the  XJDq  =  0.6  case. 

For  cavity  sizes  greater  than  XJDq  >  0.7,  flow  in  the 
cavity  and  behind  the  disk  became  unsteady  [Fig.  3(d)], 
resulting  an  increase  in  the  drag  coefficient  Unlike  in  the 
smaller-than-optimum-cavity  case  [Fig.  3(a)],  only  one 
dominating  vortex  was  formed  in  the  cavity  and  a 
multiple- vortex  structure  was  established  behind  the  disk. 
Neither  the  vortices  from  the  cavity  nor  the  ones  behind 
the  disk  in  this  larger-than-optimum-cavity  case  seem  to 
shed.  However,  since  the  size  of  the  cavity  in  these  cases 
is  larger  than  the  optimum  one,  the  tr£CT®<^  vortex  rotates 
within  the  cavity.  This  is  evident  from  the  particle  traces 
plotted  in  the  bottom  half  of  Fig.  3(d).  At  this  instant  the 
solid-triangle  particles  are  pulled  into  the  cavity  since  tl» 
vortex  is  closer  to  the  disk;  at  other  instants  these 
particles  pass  over  the  disk  when  the  vortex  is  pushed 
toward  the  forebody.  Qose  examination  of  the  cavity-flow 
structure  in  Fig.  3(d)  suggests  that  vortices  are  not 
shedding  from  the  cavity.  The  particle  distribution  in  this 
figure  also  indicates  that  particles  lump  together  while 
moving  around  the  center  of  the  cavity;  when  that  lump 
approaches  the  edge  of  the  afterbody,  a  frraction  of  particles 
leaves  the  cavity.  This  implies  that  particles  sue  entrained 
into  the  cavity  vortex  during  a  certain  phase  and  then  exit 
the  cavity  during  a  different  phase,  leading  to  periodic 
accumulation  of  particles  in  the  cavity. 

Calculations  for  the  forebody-spindle-afterbody 
geometries  are  also  made  using  the  k-£  turbulence  model. 
For  these  calculations  grid,  time-step,  and  flow  conditions 
utilized  are  the  same  as  those  used  for  the  direct 
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Fig.  3.  Instantaneous  flowfields  obtained  using  direct 
numerical  simulations  for  the  forebody-spindle-disk 
combination  for  various  disk  locations.  =  a) 

b)  0.6,  c)  0.7,  and  d)  1.2.  Velocity  vectors  and  particle 
distributions  are  shown  in  the  upper  and  lower  halves, 
respectively. 


simulations.  Interestingly,  for  every  cavity  size,  the 
simulation  with  the  turbulence  model  quickly  converged 
to  steady-state  flowfield.  Results  obtained  for  cavity  sizes 
X^/D,)  =  0.4,  0.6,  0.7,  and  1.2  are  shown  in  Figs.  4(a), 
4(b),  4(c),  and  4(d),  respectively.  Since  each  of  these 
solutions  represents  a  steady-state  flowfield,  streamlines 
are  plotted  rather  than  particle  traces. 

In  general,  the  turbulent-flow  calculations  yielded  a 
single  vortex  in  the  cavity  region  and  another  behind  the 
disk.  In  the  case  of  XJDq  =  0.4,  the  direction  of  rotation 
of  the  cavity  vortex  is  normal  (clockwise).  On  the  other 
hand,  as  shown  in  Fig.  3(a),  the  direct  simulations 
resulted  in  a  multiple- vortex  structure  with  the  largest  one 
rotating  in  the  counterclockwise  direction.  The  flow 
structure  downstream  of  the  disk  c^tured  by  k-e 
turbulence  calculations  is  also  quite  different  from  that 
captured  by  direct  simulations.  The  vortex  in  the  former  is 
squeezed  toward  the  spindle,  whereas  that  in  the  latter  is 
pushed  away  from  the  spindle.  For  the  near  optimum-size- 
cavity  cases  where  the  flow  is  in  steady  state,  turbulent 
and  direct  calculations  yielded  similar  solutions.  The 
turbulent  calculations  predicted  flow  reattachment  on  the 
spindle  at  x  =  175  and  192  mm  for  the  XJDq  =  0.6  and 
0.7  cases,  respectively,  while  the  direct  simulations 
predicted  reattachment  at  x  =  175  and  186  mm, 
respectively.  However,  some  minor  differences  exists  in 
the  solutions  obtained  by  the  turbulent  and  direct 
calculations  for  these  cases.  The  turbulence  model  seems 
to  dissipate  the  comer  vortices  that  are  observed  in  the 
direct  simulations. 

The  cavity  flow  structures  predicted  by  the  turbulent 
and  direct  simulations  for  the  X^o  =1*2  case  [Figs.  4(d) 
and  3(d),  respectively]  are  similar  in  nature,  evert  though 
the  latter  is  dynamically  oscillating  within  the  cavity. 
Interestingly,  the  streamline  drawn  from  the  edge  of  the 
forebody  in  Fig.  4(d)  shows  that  flow  dips  slightly  into 
the  cavity  near  the  disk  and  then  flows  back  around  the  tip 
of  the  disk.  This  dividing  streamline  also  suggests  that  no 
flow  is  entering  the  recirculation  region.  The  dynamic 
flow  structure  downstream  of  the  disk  predicted  by  the 
direct  simulations  is  quite  different  from  the  single-vortex 
structure  obtained  wiA  the  k-8  turbulence  model. 

Figures  3  and  4  provide  only  qualitative  comparisons 
between  the  direct  and  turbulent  simulations  since  the 
former  represents  an  instantaneous  solution  of  a  dynamic 
flow.  For  making  quantitative  comparisons,  the  total  drag 
coefficients  of  these  geometries  are  computed  and 
compared  with  the  experimental  data  and  the  results  are 
given  in  Ref.  13.  Both  the  time-averted  DNS  and  k-E 
model  results  gave  good  predictions  for  the  total  drag 
coefficient  for  different  cavity  sizes  even  though  the  latter 
did  not  capture  the  dynamic  motion  of  large-scale  vortices. 

Combusting  Flow: 

Considering  the  advantages  of  locked  vortices  for 
stable  combustion,  Hsu  et  al.^  have  developed  a  laboratory 
combustor  that  can  be  operated  over  a  wide  range  of  flow- 
rate  conditions.  The  geometry  of  the  center-body 
combustor  designed  by  Hsu  et  al.'  is  similar  to  that 
studied  by  Little  and  Whipkey*^  for  non-reacting  flows.  For 
investigating  the  vortex  characteristics  in  the  cavity  undor 
combusting-flow  environment,  calculations  were  made  for 
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Fig.  4.  Steady-state  flowfields  obtained  using  k-£ 
turbulence  model  for  the  forebody-spindle-disk 
combination.  XJDq  =  a)  0.4,  b)  0.6,  c)  0.7,  and  d)  1.2. 


the  reacting  flow  in  the  combustor  of  Hsu  et  al.*  This 
combustor  consists  of  a  forebody  and  an  afterbody  of 
diameters  70  and  50.8  mm,  respectively.  The  combustor 
is  enclosed  in  a  80-mm-diameter  Pyrex  annular  tube.  Main 
air  is  delivered  through  the  annular  g^  between  the  Pyrex 
tube  and  the  forebody  at  a  velocity  of  42  m/s.  Primary  air 
and  fuel  (propane)  are  injected  into  the  cavity  from  the 
afterbody.  Fuel  and  air  are  earned  to  the  afterbody  through 
a  central  tube  that  connects  the  afterbody  to  the  forebody. 
Figure  5(a),  obtained  using  a  normal  photographic  camera 
with  long  exposure  time,  shows  the  flame  and  the 
combustor  geometry  for  operation  xmdar  primary 
equivalence  ratio  (de&ed  as  fuel-to-air  ratio  injected  into 
the  cavity  relative  to  the  ratio  required  for  stoichiometric 
combustion)  of  4.4. 

Calculations  were  made  for  the  above  fuel-rich 
condition  using  a  251  X  101  grid  system.  Fuel  and  air  in 
the  experiment  were  injected  into  the  cavity  through  three 
coannular  rows  of  holes  drilled  on  the  face  of  the 
afterbody.  The  fuel  holes  were  sandwiched  between  the  air 
holes.  The  symmetric  distribution  of  holes  is  assumed  to 
provide  only  weak  three-dimensional  effects.  For 
performing  axisymmetric  calculations  on  this  near- 
symmetric  combusting  flow,  the  fuel  and  air  holes  were 
replaced  with  annular  slots  of  l-nun  width  in  the  model. 
The  flat  velocities  of  12.4  and  5  tn/s  at  the  exits  of  air  and 
fuel  slots  gave  the  measured  flow  rates  of  56  and  25  slpm, 
respectively. 

The  instantaneous  flow  computed  with  a  fast- 
chemistry  assumption  is  shown  in  Fig.  5(b)  by  plotting 
iso-temperature  contours  and  velocity  vectors  plotted  in 
the  upper  and  lower  halves,  respectively.  Computed  flow 
in  the  cavity  has  a  large  vortex  generated  by  the  high¬ 
speed  annulus  air  flow  and  several  small  vortices  that  are 
primarily  developed  from  the  interaction  of  fuel  and  air 
jets  injected  into  the  cavity.  Fig.  5(b)  also  indicates  that 
the  flow  of  combustion  products  from  the  cavity  over  the 
disk  is  associated  with  only  weak  shedding.  To  visualize 
the  dynamic  characteristics  of  this  combusting  flow, 
results  obtained  at  different  instants  (time  steps)  are  shown 
in  Fig.  6.  The  time  interval  between  two  consecutive 
images  is  2  ms.  The  important  observations  made  from 
these  instantaneous  images  ate  1)  the  cavity  flow  seems 
dynamic  and  the  injection  jets  into  the  cavity  flap  radially, 

2)  the  fairly  steady  vortex  formed  in  the  wake  region  of 
the  disk  indicates  that  the  vortex  shedding  from  the  cavity 
is  not  sufficiently  strong  to  disturb  the  wake  vortex,  and 

3)  the  high-temperature  contours  (Nos.  9  and  A)  are 
always  located  close  to  the  spindle  and  the  forebody.  The 
weak  vortex  shedding  from  the  cavity  suggests  that  the 
global  vortex  structure  in  the  cavity  represents  a  locked 
vortex.  Note  that  the  design  strategy  us^  by  Hsu  et  al.‘ 
for  determining  the  cavity  size  was  based  on  the 
conditions  for  obtaining  locked  vortices  in  cold  flows 
without  primary  injection.  For  this  cavity  size,  cold-flow 
calculations  also  showed  locked  vortices  within  the  cavity 
and  behind  the  afterbody.  Absence  of  strong  vortex 
shedding  from  the  cavity,  noted  from  the  reacting  flow 
calculations  made  with  primary  injection  (Fig.  6), 
suggests  that  the  locked-vortex  criterion  obtained  using 
cold  annular  flow  yields  locked  vortices  (overall)  in  the 
reacting  flow  case  also.  Additional  calculations  must  be 
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Fig.  5.  Reacting  flow  inside  trapped- vortex  combustor  for 
primary  equivalence  ratio  of  4.4.  a)  Direct  photograph  of 
the  flame  inside  the  trapped-vortex  combustor,  b)  an 
instantaneous  flowfield  obtained  with  direct  numerical 
simulation,  c)  flame  obtained  by  averaging  several 
instantaneous  solutions  and  d)  steady-state  flame  simulated 
using  k-e  turbulence  model.  Iso-temperature  contours  are 
plotted  with  an  interval  of  150  K  starting  from  300  K. 


performed  with  different  cavity  sizes  before  a  general 
conclusion  can  be  reached  regarding  locked  vortices  in  cold 
and  reacting  flows. 

The  overall  flow  structure  and  the  temperature  field  are 
obtained  from  DNS  by  time  averaging  the  8000 
instantaneous  solutions  over  a  period  of  40  ms  and  the 
results  are  shown  in  Fig.  5(c).  The  dominating  cavity 
vortex  and  the  near  steady-state  wake  vortex  noted  in  the 
instantaneous  solutions  (Fig.  6)  have  speared  in  the 
time-averaged  data  as  stable  recirculation  regions.  A  small 
recirculation  region  in  the  comer  of  the  spindle  and  disk 
may  also  be  noted  in  Fig.  5(c).  Time  averaging  has  also 
eliminated  the  temperatures  that  are  greater  than  1600  K 
[absence  of  Contour  No.  A  in  Fig.  5(c)]. 

The  computed  peak  temperature  (time-averaged)  of 
1600  K  is  lower  than  that  measured  (-  1900  K)  in  the 
experiment.  In  fact,  even  the  instantaneous  temperature 
never  exceeded  1750  K  in  the  direct  numerical 
simulations.  Since  a  fast-chemistry  model  was  used  in  the 
present  simulations,  the  lower  computed  temperature 
could  be  resulting  from  the  mixing-limited  environment 
in  the  cavity.  It  is  known  that  even  though  large-scale 
flow  structures  play  a  major  role  in  the  mixing  of  fuel  and 
air,  small  scales  are  important  for  mixing  on  a  local  level. 
The  present  simulations  predict  only  the  large-scale 
vortical  structures  in  the  cavity.  The  lower  predicted 
temperature  could  then  be  due  to  the  absence  of  small- 
scale  vortices  in  the  calculations.  For  verifying  this, 
calculations  were  made  by  including  the  k-e  model  for 
turbulence.  Computations  resulted  in  a  steady  flow  and  the 
predicted  temperature  field  is  shown  in  Fig.  5(d).  Note  that 
the  same  251  X  101  grid  system  utilized  in  DNS  was 
employed  for  these  simulations  also.  Surprisingly,  the 
pe^  temperature  obtained  in  Fig.  5(d)  was  only  1500  K— 
lower  than  that  obtained  without  the  turbulence  model. 
This  suggests  that  the  combustion  in  the  cavity  is  not 
limited  by  the  small-scale  mixing. 

In  experiments,  primary  fuel  and  air  are  passed  through 
the  central  tube  and  afterbody  before  being  injected  into 
the  cavity.  Since  both  the  center  tube  and  afterbody  are 
surround^  by  the  hot  combustion  products,  their  wall 
temperatures  are  expected  to  be  higher  than  the 
temperature  of  the  incoming  fuel  and  air  which,  in  turn, 
heats  the  fuel  and  air.  On  the  other  hand,  even  though  the 
walls  of  the  afterbody  and  center  tube  were  treated  as 
adiabatic  walls  in  the  present  simulations,  fuel  and  air 
were  injected  into  the  cavity  at  room  temperature  since 
flow  inside  the  tubes  was  not  considered.  It  is  beUeved 
that  the  hotter  fuel  and  air  injected  into  the  cavity  leads  to 
the  higher  temperatures  in  the  experiment. 

A  comparison  between  the  time-averaged  flow  field 
[Fig.  5(c)]  and  the  steady-state  solution  resulted  from  k-e 
model  [Fig.  5(d)]  reveals  significant  similarities.  Mainly, 
the  recirculation  zone  observed  in  the  time-averaged  derta 
matches  well  with  that  obtained  with  k-e  model.  On  the 
other  hand,  the  wake  vortex  behind  the  disk  and  the  comer 
vortex  of  the  spindle  and  disk  predicted  with  k-e 
turbulence  model  are  weaker  than  those  obtained  from  the 
time-averaged  DNS  data.  Temperature  distributions  in 
Figs.  5(c)  and  5(d)  are  also  quite  different  Simulations 
with  k-e  model  yielded  jet-flame  stmctures  in  the  cavity 
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Fig.  6.  Reacting  flow  in  trapped- vortex  combustor  at  different  instants,  a)  t©,  b)  to+2,  c)  to+4,  d)  to+6,  e)  to+8,  f)  to+10,  g) 
to+12  and  h)  to+16  ms.  Iso-temperature  contours  are  plotted  with  an  interval  of  150  K  starting  from  300  K. 
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following  the  fuel  and  air  injections  where  as,  more 
uniform  temperature  distributions  are  obtained  with  DNS. 

Radial  temperature  distributions  obtained  from  the 
experiments  and  the  ones  predicted  with  DNS  (time- 
averaged)  and  k-e  model  are  compared  at  axial  distances  of 
45,  65,  and  80  mm  in  Figs.  7(a),  7(b),  and  7(c), 
respectively.  Overall,  only  a  qualitative  comparison  may 
be  noticed  between  the  calculations  and  the  experiment. 
Interestingly,  the  DNS  results  are  closer  to  the  experiment 
than  the  results  obtained  with  k-e  model.  Especially,  near 
the  spindle  DNS  has  correctly  predicted  the  higher 
temperatures.  The  higher  measured  temperatures  at  x  =  80 
mm  (close  to  the  disk)  indicate  that  the  fuel  and  air  are 
preheated  before  being  injected  into  the  cavity-which 
needs  to  be  considered  in  the  future  calculations. 

Ability  of  the  incorporated  k-£  model  in  predicting 
combusting  flows  is  tested  by  simulating  two  vertically 
mounted  turbulent  jet  flames  that  were  studied 


(a) 


(b) 


Fig.  7.  Radial  temperature  distributions  inside  tr^ped- 
vortex  combustor  at  heights  a)  45  mm,  b)  65  mm,  and  c) 
80  mm  for  primary  equivalence  ratio  of  4.4. 


experimentally*^’*^  and  numerically*^  earlier.  The  burner 
used  in  these  studies  was  a  7.74-mm  diameter  straight 
tube  and  the  fuel  was  issued  into  stagnant  air  at  a 
Reynolds  number  of  15,(X)0.  Results  obtained  for  the 
pure-methane  flame  are  compared  with  the  experimental 
data  and  the  k-e  simulations  of  Lockwood  and  Stolakis*^ 
in  Fig.  8  and  those  for  a  42%  diluted  flame  are  compared 
in  Fig.  9.  The  exit  velocities  of  the  fuel  in  these  two 
cases  were  55  and  43  m/s.  In  both  the  flames,  k-e  models 
predicted  temperatures  greater  than  the  measured  values  and 
Lockwood  and  Stolakis  found  that  inclusion  of  radiation 
model  brought  the  predicted  temperatures  closer  to  the 
experiment.  Nevertheless,  the  present  k-e  model  results 
are  in  reasonably  good  agreement  with  the  results  obtained 
by  Lockwood  and  Stolakis.  Based  on  these  results  and  the 
disagreement  observed  between  the  k-e  predictions  and  the 
measurements  in  the  case  of  trapped-vortex  combustor  it 
is  speculated  that  k-e  model  is  inadequate  for  the 
prediction  of  reacting  flowfields  in  tr^ped-vortex 
combustor  which  are  dominated  by  the  motion  of  large- 
scale  vortices. 

Calculations  are  also  made  for  a  lower  equivalence 
ratio  (2.2)  case.  Direct  photograph  of  the  flame, 
instantaneous  and  time-averaged  results  obtained  with 
DNS,  and  the  steady-state  results  obtained  with  k-e  model 
are  shown  in  Figs.  10(a),  10(b),  10(c),  and  10(d), 
respectively.  The  lower  equivalence  ratio  in  this  case  is 
achieved  by  increasing  the  air  injection  velocity  to  24.8 
m/s.  All  other  inflow  boundary  conditions  used  in  this 
case  are  identical  to  those  used  in  the  4.4-equivalence-ratio 


(b) 

Fig.  8.  Comparison  between  experiment  and  k-e  model 
calculations  for  a  vertically  mounted  turbulent  jet  flame, 
a)  Temperature  and  axial  velocity  along  symmetry  axis, 
and  b)  radial  temperature  distribution  at  x  =  280  mm. 
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Fig.  9.  Comparison  between  experiment  and  k-8  model 
calculations  for  a  vertically  mounted  turbulent  jet  flame, 
a)  Temperature  and  axial  velocity  along  symmetry  axis, 
and  b)  radial  temperature  distribution  at  x  =  280  mm. 

case.  Because  of  the  higher  injection  velocity,  air  jets  are 
penetrating  well  into  the  cavity  and  a  stronger 
recirculation  zone  is  established  between  the  spindle  and 
the  neighboring  air  jet.  Interestingly,  the  wake  vortex  in 
this  case  also  is  nearly  steady  and  overall  dynamics  of  the 
cavity  flow  has  not  changed  much  with  the  increase  in  air 
injection.  These  calculations  suggest  that  the  cavity  flow 
is  dominated  by  the  high  momentum  annulus  air  flow  and 
the  injection  into  the  cavity  has  only  secondary  effects  on 
the  cavity  flow.  Further  calculations  should  be  made  with 
different  cavity  sizes  to  understand  the  role  of  injection  on 
cavity  flow. 

Conclusions: 

Vortex  shedding  behind  a  bluff  forebody  leads  to  a 
higher  drag  coefficient  and  in  combustors  leads  to  blowout 
and  poor  combustion  efficiency.  It  is  known  that  the  drag 
coefficient  of ‘the  bliiff  body  can  be  decreased  by  trapping 
the  wake  vortices  using  disks.  The  dynamics  of  the 
vortices  formed  inside  the  cavity  and  behind  the  disk  are 
studied  using  a  time-dependent,  axisymmetric 
Computational  Fluid  Dynamics  with  Chemistry  (CFDC) 
code.  A  large  number  of  grid  points  with  AX  and  Ar  -  0.9 
mm  was  used  to  capture  the  large-scale  structures  whose 
physical  size  is  up  to  an  order  of  magnitude  smaller  than 
the  cavity  height.  It  is  found  that  when  the  cavity  has 
optimum  length  the  vortices  within  the  cavity  and  behind 
the  disk  are  spatially  locked.  More  than  one  dominant 
vortex  developed  in  smaller-than-optimum  cavities  and 
vortex  shedding  always  observed  from  these  cavities.  On 


Fig.  10.  Reacting  flow  inside  trapped- vortex,  combustor 
for  primary  equivalence  ratio  of  2.2.  a)  Direct  photograph 
of  the  flame  inside  the  trapped-vortex  combustor,  b)  an 
instantaneous  solution  obtained  with  direct  numerical 
simulation,  c)  flame  obtained  by  averaging  several 
instantaneous  solutions  and  d)  steady-state  flame  simulated 
using  k-e  turbulence  model.  Iso-temperature  contours  are 
plotted  with  an  interval  of  150  K  starting  from  300  K. 
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the  other  hand,  a  single  dominating  vortex  formed  and 
moved  within  a  larger-than-optimum  cavity  and  shedding 
was  not  observed  from  the  cavity.  Calculations  made  with 
k-e  turbulence  model  yielded  steady  flows  for  all  cavity 
sizes. 

Axisymmetric  calculations  were  also  performed  for  the 
reacting  flow  in  the  trapped-vortex  combustor  designed  by 
Hsu  et  al.  using  the  fast-chemistry  model.  Injection  of  air 
and  fuel  into  the  cavity  led  to  the  development  of  several 
unsteady  vortices  in  the  direct  numerical  simulations. 
Time-averaged  results  constructed  from  DNS  data  and  the 
steady-state  results  obtained  with  k-e  turbulence  model  are 
compared  with  the  experimental  data.  The  qualitative 
agreement  between  the  measurements  and  the  predictions 
was  found  to  be  better  for  direct  numerical  simulation. 
Preliminary  results  suggest  that  the  optimum  cavity 
length  deteimined  from  the  non-reacting  annular  flow 
seems  to  yield  non-shedding  cavity  flows,  even  with 
combustion  and  fluid  injections  into  the  cavities. 
Additional  calculations  must  be  performed  to  verify  this 
conclusion  for  different-geometry  combustors.  The  time- 
averaged  flow  structures  obtained  for  this  cavity  size  are 
found  to  be  similar  to  the  steady-state  flow  structures 
obtained  with  k-e  model. 
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Spatially  locked  vortices  in  the  cavities  of  a  combustor  aid  in  stabilizing  the  flames. 
On  the  other  hand,  these  stationary  vortices  also  restrict  the  entrainment  of  the  main 
air  into  the  cavity.  For  obtaining  good  performance  characteristics  in  a  trapped- 
vortex  combustor,  a  sufficient  amount  of  fuel  and  air  must  be  injected  directly  into 
the  cavity.  This  paper  describes  a  numerical  investigation  performed  to  undeptand 
better  the  entrainment  and  residence-time  characteristics  of  cavity  flows  for  d^erent 
cavity  and  spindle  sizes.  A  third-order-accurate  time-dependent  Computational  Fluid 
Dynamics  with  Chemistry  ( CFDC)  code  was  used  for  simulating  the  dynamic  flows 
associated  with  forebody-spindle-disk  geometry.  It  was  found  from  the  nonreacting 
flow  simulations  that  the  drag  coefficient  decreases  with  cavity  length  and  that  an 
optimum  size  exists  for  achieving  a  minimum  value.  These  observations  support  the 
earlier  experimental  findings  of  Little  and  Whipkey  ( 1979).  At  the  optimum  disk 
location,  the  vortices  inside  the  cavity  and  behind  the  disk  are  spatially  locked.  It 
was  also  found  that  for  cavity  sizes  slightly  larger  than  the  optimum,  even  though 
the  vortices  are  spatially  locked,  the  drag  coefficient  increases  significantly.  Entrain¬ 
ment  of  the  main  flow  was  observed  to  be  greater  into  the  smaller-than-optimum 
cavities.  The  reacting-flow  calculations  indicate  that  the  dynamic  vortices  developed 
inside  the  cavity  with  the  injection  of  fuel  and  air  do  not  shed,  even  though  the  cavity 
size  was  determined  based  on  cold-flow  conditions. 


Introduction 

A  revolutionary  advancement  in  the  development  of  a  simple, 
contact,  and  efficient  method  of  combustion  was  recently  pro¬ 
posed  by  Hsu  et  al.  (1995).  This  new  combustor  concept  em¬ 
ploys  a  vortex  that  is  trapped  in  a  cavity  to  stabilize  the  flame, 
and  hence,  is  referred  as  the  Trapped-Vortex  (TV)  concepL 
Even  though  the  idea  of  trapping  a  vonex  for  flame  stabi^tion 
purposes  is  a  novel  one,  interest  in  the  utilization  of  vortex 
motion  to  aerodynamic  advantage  has  intrigued  aerodynamicists 
for  many  years.  The  experiments  of  Rohsenow  et  al.  (1951) 
have  shown  that  when  two  circular  oriiices  are  placed  in  series 
in  a  pipe,  in  certain  circumstances,  a  large  recovery  of  pressure 
may  occur  across  the  second  oiiflce;  hence,  the  overaD  pressure 
drop  is  considerably  less  for  the  two  orifices  than  for  a  single 
one  having  the  same  flow.  In  ribbed  diffusers,  Migay  (1963) 
found  that  balancing  the  fluid  removed  by  entrainment  and  the 
fluid  entering  the  cavity  by  reversed  flow  ensures  that  the  flow 
outside  the  cavities  will  follow  the  ribs  fairly  closely  and  a  good 
pressure  recovery  will  be  obtained.  By  ‘mounting  a  disk  behind 
the  base  of  a  blunt  body,  Mair  (1965)  has  shown  that  the 
afterbody  drag  of  the  blunt  object  will  be  reduced.  Using  similar 
concepts,  Roshko  and  Koenig  ( 1976)  have  reported  a  reduction 
in  drag  of  blunt  forebodies  when  disks  are  placed  on  spindles 
ahead  of  the  body. 

In  order  to  understand  the  aerodynamics  associated  with  min- 
imum-drz^  conditions.  Little  and  Whipkey  (1979)  conducted 
extensive  investigations  on  the  dynamic  nature  of  flows  over 
bluff  bodies  using  smoke-fiow-visualization  and  laser-velo- 
cimetry  techniques.  Because  of  the  limitations  of  the  smoke 
tunnel,  they  used  reduced  flow  conditions  (--0.3  m/s)  and  half- 
scaled  geometries  for  the  flow-visualization  studies  and  full- 
scale  geometries  and  turbulent  flows  (—30  m/s)  for  the  time- 
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averaged  drag  measurements.  Based  on  these  reduced  and  full- 
scale  experiments,  they  correlated  the  afterbody  drag  and  the 
motion  of  the  vortex  in  the  wake  region  and  postulated  that  a 
minimum-drag  condition  was  established  when  the  wake  vorti¬ 
ces  are  locked  between  two  disks  mounted  in  series  on  a  spindle. 
They  also  suggested  that  the  cavity  fanned  between  the  disk 
and  the  bluff  body  should  be  of  such  dimensions  that  the  locked 
vortex  effectively  fills  the  cavity.  Since  these  dynamic  flow 
results  were  obtained  for  velocities  lower  by  nearly  two  orders 
of  magnitude  than  those  used  in  the  full-size  wind-tunnel  experi¬ 
ments,  these  conclusions  are  open  to  question.  And  also,  in 
practical  combustors,  partial  burning  takes  place  in  the  recircu¬ 
lation  zones  and  in  the  cavity  vortices,  which  could  alter  the 
vortex  dynamics.  As  a  result,  it  might  be  expected  that  die 
criterion  for  trapping  a  vortex  in  a  combustor  would  be  different 
from  that  observed  in  cold  flows. 

Performing  experimental  studies  on  vortex  dynamics  inside 
the  cavities  in  a  combusting  environment  is  extremely  difficult 
mainly  because  of  ( 1 )  limited  access  to  the  bright,  hot  cavity 
flow  and  (2)  problems  arising  from  the  use  of  moving  parts.  On 
the  other  hand,  recent  progress  in  Direct-Numerical-Simulation 
techniques  (Grinstein  and  Kailasanath,  1995;  Vejmante  et  al., 
1994)  has  led  to  a  growing  interest  in  investigating  dynamic 
flows  computationally. 

In  the  present  investigation  the  trapped-vortex  concepts  were 
studied  numerically  using  a  third-order-accurate  time-dependent 
Computational  Fluid  Dynamics  with  Chemistry  (CFDC)  code. 
Results  obtained  for  cold  flows  with  different  cavity  sizes  were 
analyzed  to  gain  an  understanding  of  the  dynamic  nature,  en¬ 
trainment,  and  residence-time  characteristics  of  the  cavity  flow. 
Calculations  were  also  performed  for  the  reacting  flow  in  the 
center-body  trapped-vortex  combustor  using  a  fast-chemistry 
assumption. 

Modeling 

A  time-dependent,  axisymmetric  mathematicai  model  that 
solves  for  axial-  and  radial-momentum  equations,  continuity. 
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and  enthalpy-  and  species-conservation  equations  is  used  to 
simulate  the  fiowfields  in  the  trapped-vortex  combustor.  Density 
is  obtained  by  solving  the  state  equation,  while  the  pressure 
field  at  every  time  step  is  determined  from  pressure  Poisson 
equations.  For  the  cases  in  which  turbulent-flow  characteristics 
were  modeled,  the  time-dependent  equations  for  turbulent  en¬ 
ergy  (k)  and  turbulent-energy  dissipation  (e)  are  also  solved, 
along  with  the  other  governing  equations.  The  standard  isotropic 
k-€  turbulence  model  is  incorporated  in  those  cases.  Even 
though  all  the  governing  equations  are  solved  in  an  uncoupled 
manner,  the  turbulence  and  species-conservation  equations  are 
coupled  through  the  source  terms  during  the  solution  process 
to  improve  the  stability  of  the  algorithm. 

In  the  present  analysis  of  reacting  flows,  the  simple  global- 
chemical-kinetics  model  involving  propane,  oxygen,  water,  car¬ 
bon  dioxide,  and  nitrogen  used  is  expressed  as  follows: 

C3H8  -f  5  O2  +  No  =>  3  CO2  +  4  H2O  +  No. 

The  specific  reaction  rate  for  this  equation  is  written  in  Arrhen¬ 
ius  form,  with  an  activation  energy  of  1000  cal /mole  and  pre¬ 
exponential  of  1,0  X  10*®  m®/moie^/s  to  yield  very  hi^  reac¬ 
tion  rates  at  all  temperatures.  These  numbers  for  reaction  rate 
are  obtained  from  a  trial-and-error  calculations  on  turbulent  free 
jets  (Katta  and  Roquemore,  1996). 

An  orthogonal,  staggered-giid  system  with  varying  cell  sizes 
in  both  the  x  and  r  directions  is  utilized.  The  momentum  equa¬ 
tions  are  integrated  using  an  implicit  QUICKEST  (Quadratic 
Upstream  Interpolation  for  Convective  Kinematics  with  Esti¬ 
mated  Streaming  Terms )  numerical  scheme  (Katta  et  al.,  1994a; 
Leonard,  1979)  which  is  third-order  accurate  in  both  space  and 
time  and  has  a  very  low  numerical  diffusion  error.  On  the  other 
hand,  the  species,  enthalpy,  and  turbulence-energy  conservation 
equations,  which  have  relatively  large  source  terms,  are  inte¬ 
grated  using  the  hybrid  scheme  of  Spalding  (1972).  By  rear¬ 
rangement  of  the  terms,  the  finite-difference  form  of  each  gov¬ 
erning  equation  at  all  grid  points  is  written  as  a  system  of 
algebraic  equations  which  is  then  solved  using  the  Altemative- 
Direction-Impiicit  (ADI)  technique.  The  time  increment,  Ar, 
is  determined  from  the  stability  constraint  and  maintained  as  a 
constant  during  the  entire  calculation.  The  pressure  field  at  every 
time  step  is  accurately  calculated  by  simultaneously  solving  the 
system  of  algebraic  pressure  Poisson  equations  at  all  grid  points 
using  the  LU  (Lower-Upper)  decomposition  technique. 

Temperature-  and  species-dependent  thermodynamic  and 
transport  properties  are  used  in  tiiis  formulation.  The  enthalpy 
of  each  species  is  calculated  from  polynomial  curve  fits,  while 
the  viscosity,  thermal  conductivity,  and  diffusion  coefficients 
of  the  species  are  estimated  from  the  Lermard-Jones  potentials. 

Flat  velocity  profiles  are  used  at  the  fuel  and  air  inflow  bound¬ 
aries,  A  simple  extrapolation  procedure  (Katta  et  al.,  1994b) 
with  weighted  zero-  and  first-order  terms  was  used  to  estimate 
the  flow  variables  at  the  out-flow  boundary.  The  usual  no-slip, 
adiabatic,  and  chemically  inert  boundary  conditions  were  ap¬ 
plied  at  the  walls.  Wall  functions*  were  used  for  determining 
the  gradients  of  the  flow  variables  near  the  walls  in  the  cases 
where  turbulence  was  modeled. 

Results  and  Discussion 

■  The  geometry  chosen  for  the  study  of  fluid-dynamics  effects 
on  a  bluff  forebody  is  very  similar  to  that  used  by  Little  and 
Whipkey  ( 1979)  in  their  experimental  investigations  on  locked 
vortices.  It  consists  of  a  lOO-mm-dia  fiat  cylindrical  forebody 
enclosed  in  an  aimular  cylindrical  tube  having  a  200-mm  I.D. 
An  afterbody  disk  having  a  diameter  and  thickness  of  75  and 
2  mm,  respectively,  is  attached  to  the  forebody  using  spindles. 
Two  sizes  of  spindle  (9-  and  28-mm  diameter)  are  used.  The 
size  of  the  cavity  formed  between  the  forebody  and  the  disk  is 
varied  by  moving  the  disk  toward  or  away  from  the  forebody. 
Airflow  over  this  body  develops  vortices  inside  the  cavity  and 
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Fig.  1  Geometry  of  the  forebody-spindle-disk  combination  u^d  for  the 
study  of  trapped-vortex  concepts  in  cold  and  combustion  environments. 
Grid  system  employed  for  the  direct  simulation  of  large-scale  structures 
is  also  shown. 


behind  the  disk;  normally  these  vortices  shed,  and  the  flow 
becomes  dynamic  in  nature.  The  velocity  of  the  air  used  in  the 
annular  gap  between  the  forebody  and  the  surrounding  tube  is 
30  m/s.  Axisymmetric  calculations  are  made  for  different  cavity 
sizes  using  a  301  X  91  grid  system.  Tbe  geome^  and  the  grid 
system  used  are  shown  in  Fig.  1.  Varying  grid  spacing  was 
adopted  in  both  the  axial  (x)  and  radial  (r)  directions  to  cluster 
the  grid  points  in  the  cavity  and  near  the  walls. 

Starting  from  an  uniform  initial  flowfield  around  the  fore- 
body-spindle-aflerbody  combination,  direct  numerical  simula¬ 
tions  are  made  for  different  cavity  sizes  using  the  model  de¬ 
scribed  earlier.  Turbulence  modeling  was  not  used  for  &ese 
cold-flow  cases.  In  order  to  obtain  results  that  are  not  biased 
by  the  initial  uniform  flowfield,  initial  calculations  for  25,000 
time  steps  (corresponding  to  0.675  s  of  real  time)  were  dis¬ 
carded  prior  to  the  recording  of  the  d5mamic  solutions.  Calcula¬ 
tions  were  then  continued  for  another  5000  time  steps  for  data- 
analysis  purposes. 

Drag  on  Fordxidy-Spindle-Afterbody  Combination.  The 
total  time-averaged  drag  coefficient  (Cp)  on  the  forebody-spin¬ 
dle-disk  combination  for  each  case  is  computed  from  the  un¬ 
steady  data  using  the  expression 

Cp  =  f "  (Cp  +  c^)dt 

Jo 

Here,  and  po  correspond  to  wall  and  inlet  pressures,  respec¬ 
tively;  Tk-  is  the  wall  shear  stress;  and  Cp  and  Ch-  are  the  pressure- 
drag  and  skin-friction  coefficients,  respectively.  Time  tc  corre¬ 
sponds  to  the  calculated  time.  For  investigating  the  drag  increase 
or  decrease  resulting  from  the  cavity  formed  between  the  fore¬ 
body  and  the  disk,  calculations  are  first  made  for  the  forebody- 
spindle  combination  alone.  These  calculations  are  made  without 
the  use  of  a  turbulence  model.  The  total  drag  coefficients  (Cp) 
obtained  for  the  large  (28-mm)  and  small  (9-inm)  spindles  are 
0.125  and  0.151,  respectively.  The  corresponding  values  mea¬ 
sured  by  Little  and  >^pkey  are  0.179  and  0.186,  respectively. 
Considering  the  fact  that  surface  roughness  and  small-scale  tur¬ 
bulence  near  the  walls  may  contribute  additional  drag  in  the 
experiments,  the  values  predicted  by  the  model  that  neglected 
these  effects  seem  to  be  reasonably  good. 

Calculations  were  performed  on  an  afterbody-spindle-fore- 
body  combination  for  different  cavity  sizes  and  for  the  annular 


Journal  of  Engineering  for  Gas  Turbines  and  Power 


954 


JANUARY  1998,  Vol.  120  /  61 


airflow  velocity  of  30  m/s.  The  direct  simulation  using  301 
X  91  grid  points  resulted  in  dynamic  flows  with  a  degree  of 
unsteadiness  related  to  the  cavity  size.  Time-averaged  quantities 
from  these  calculations  were  obtained  by  averaging  the  data 
over  a  period  of  135  ms  (5000  time  steps).  Calculations  were 
also  made  incorporating  k-e  turbulence  model.  Even  though 
the  same  fine  grid  having  301  X  91  points  was  used  in  these 
simulations,  use  of  the  k-e  turbulence  model  yielded  steady 
flowfields  for  all  the  cavin’  sizes.  The  drag  coefficient  obtained 
from  the  direct  simulations  and  from  the  calculations  made 
using  the  it-  e  turbulence  model  for  different  cavity  sizes  indi¬ 
cate  that  the  drag  coefficient  decreases  initially  with  the  separa¬ 
tion  between  the  forebod}’  and  disk  and  increases  for  large 
separations — which  is  similar  to  the  behavior  observed  in  the 
experiments.  Quantitative  comparisons  with  the  experimental 
data  are  made  for  changes  in  drag  coefficient  ( ACp)  for  differ¬ 
ent  cavity  sizes  which  are  obtained  by  subtracting  the  base  drag 
coefficient  (without  disk)  from  that  obtained  with  the  disk. 

Computed  results  in  the  form  of  drag  reduction  obtained 
for  different  cavity  sizes  are  compared  with  the  experimentally 
measured  ones  in  Fig.  2(^2)  and  2(b)  for  small-  and  large- 
spindle  cases,  respectivel}\  Both  the  calculations  and  the  experi¬ 
mental  data  show  that  drag  reduction  is  maximum  when  the 
disk  is  placed  50  to  60  mm  downstream  of  the  forebody.  Inter¬ 
estingly,  even  though  the  simulations  with  the  e  turbulence 
model  did  not  result  in  the  dynamic  flows  observed  in  the  exper¬ 
iments,  the  drag  coefficients  compare  favorably  with  those  from 
the  experiment.  On  the  other  hand,  the  direct  simuiafions  ob¬ 
tained  by  solving  Navier- Stokes  equations  without  incorporat¬ 
ing  any  turbulence  models  yielded  dynamic  flows  similar  to 
those  observed  in  the  experiment.  It  is  known  that  the  30-m/s 
airflow  would  result  in  turbulent  flow  in  the  channel  created  by 
the  annular  tube  and  the  forebody-spindle-disk  combination. 
However,  the  higher-order-accurate  algorithms  used  for  solving 
the  momentum  and  pressure  Poisson  equations  are  expected  to 
simulate  flow  structures  that  are  comparable  to  the  grid  system 
utilized.  In  the  present  study,  the  grid  spacing  in  the  cavity 
region  varies  from  0.8  to  0.92  mm,  and  a  time  step  equal  to. 
0.027  ms  was  chosen.  With  the  use  of  this  model,  flow  structures 
of  6-mm  size  (an  order  of  magnitude  smaller  than  the  cavity 
height)  can  be  resolved.  The  reasonably  good  agreement  seen 
in  Fig.  2  suggests  that  the  drag  force  associated  with  this  geome¬ 
try  is  dominated  by  the  large-scale  motion  of  the  fluid  and  that 
the  small  scales  (turbulent  scales)  are  playing  a  secondary  role. 
For  both  spindle  sizes,  a  maximum  drop  in  drag  coefficient 
occurs  for  approximately  the  same  cavity  length. 

The  calculated  drag-coefficient  profile  for  the  small-spindle 
(DsIDq  -  0-0938)  case  [Fig.  2(a)]  indicates  that  the  drag 
coefficient  decreases  monotonically  to  a  minimum  value  and 
then  increases  for  cavity  lengths  greater  than  60  mm.  On  the 
other  hand,  for  a  larger  spindle  (DgiDa  =  0.281 ),  it  should  be 
noted  that  the  drag  coefficient  increases  significantly  for  cavity 
lengths  between  40  and  60  mm  before  reaching  the  minimum 
value  [Fig.  2(b)].  Turbulent-flow  calculations  with  the  k-€ 
model  yielded  no  spikes  in  drag  coefficient  for  either  spindle 
size.  Detailed  arialysis  of  the  time-dependent  data  obtained  for 
a  cavity  length  of  50  mm  indicated  that  the  vortices  inside  the 
cavity  became  quite  unsteady,  resulting  in  more  shedding  of 
vortices  from  the  cavity'  and,  hence,  a  higher  drag  coefficient. 
Experiments  showed  no  such  spikes  for  the  large-spindle  case; 
however,  interestingly,  a  large  spike  in  the  drag-coefficient  pro¬ 
file  was  observed  for  the  small-spindle  case,  indicating  that  for 
some  smaller-than-optimum  size  cavities,  the  drag  coefficient 
could  increase  drastically.  Calculations  have  captured  this  phe¬ 
nomenon,  but  for  a  different  spindle  size.  The  discrepancy  noted 
between  the  calculations  and  the  experimental  results  regarding 
the  occurrence  of  drag  spike  is  believed  to  result  from  geometric 
parameters  such  as  rounded  comers  and  surface  roughness  and 
flow  quantities  such  as  inlet  profiles  and  fluctuations  that  are 
inherent  in  the  experiments.  Additional  work  is  needed  in  the 


X/D 

c  0 

(b) 

Rg.  2  Change  in  drag  coefficient  resulting  from  the  addition  of  disk  to 
forebody-spindle  geometry  obtained  for  different  cavity  lengths:  (a) 
small-spindle  {DglDo  -  0.281 )  case 


modeling  and  experimental  aspects  to  allow  better  comparisons; 
however,  since  the  present  model  is  reasonably  predicting  the 
drag-coefficient  Vs  cavity-length  profile  and  spikes  in  the  drag 
coefficient  for  certain  cavity  sizes,  the  model  results  could  be 
used  with  confidence  to  obtain  a  qualitative  understanding  of 
the  physical  process  that  result  in  such  effects. 

Flow  Structures.  The  instantaneous  solution  obtained  for 
the  forebody-spindle  combination  (without  the  disk)  is  shown 
in  Fig.  3  in  the  form  of  velocity  vectors  in  the  upper  half  and 
particle  traces  in  the  lower  half.  This  solution  represents  data 
obtained  at  the  end  of  the  30,000-time-step  calculation.  The 
fiowfield  is  nearly  at  steady  state,  with  a  large  recirculation  zone 
being  created  downstream  of  the  forebody  and  extending  up  to 
z  =  160  mm.  A  small  vortex  has  also  developed  in  the  comer, 
of  the  forebody  and  spindle.  For  visualizing  the  dynamic  nature 
of  the  flow,  the  instantaneous  positions  of  the  particles  that  were 
continuously  released  from  locations  near  the  entrance  region 
are  shown  in  Fig.  3.  The  solid  triangles  represent  the  locations 
of  the  particles  that  were  released  in  the  free  stream  and  close 
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Fig.  3  Nonreacting  flow  around  the  geometry  formed  with  100~mm-dia 
forebody  and  a  spindle  of  Ds/Dq  ^  0.0938.  Velocity  vectors  and  particle 
distributions  are  shown  in  the  upper  and  lower  halves,  respectively. 


to  the  forebody,  whereas  the  open  circles  represent  the  locations 
of  the  particles  that  were  released  away  (r  >  60  mm)  from  the 
forebody.  The  steady  nature  of  the  flowfield  in  the  absence  of 
the  afteAody  disk  (Fig.  3)  is  evident  from  the  separate  screaks 
of  particles.  Note  that  none  of  the  particles  injected  into  the 
free  stream  entered  the  recirculation  region  formed  behind  the 
forebody.  On  the  other  hand,  the  particles  that  were  injected 
into  the  recirculation  zone  (not  shown  in  the  figure  for  clarity) 
remained  within  the  recirculation  region. 

Perturbation  to  the  steady  flow  that  developed  over  the  fore* 
body-spindle  geometry  is  studied  by  placing  a  disk  on  the  spin¬ 
dle.  The  instantaneous  fiowfields  obtained  with  the  disk  located 
at  different  distances  from  the  forebody  are  shown  in  Figs. 
4(fi)  ^4(d),  The  plotting  scheme  used  for  these  figures  is  iden¬ 
tical  to  that  used  in  Fig.  3.  In  general,  vortices  are  formed  in 
the  cavity  and  downstream  of  the  disk  in  all  cases.  When  the 
cavity'  formed  between  the  forebody  and  disk  is  small  [Fig. 
4(fl)] ,  several  vortices  are  developed  within  the  cavity,  and  the 
flow  is  dominated  by  two  counterrotating  vortices.  Note  that 
the  largest  vortex  in  tibe  cavity  is  rotating  in  the  direction  oppo¬ 
site  that  of  the  recirculating  vortex  seen  in  Fig.  3.  The  unsteady 
nature  of  these  cavity  vortices  triggers  shedding  of  the  large 
recirculating  vortex  formed  behind  the  disk.  The  dynamics  of 
the  flow  may  be  visualized  readily  from  the  particle  traces  (or 
streak-lines)  shown  on  the  lower  half  of  each  plot  in  Fig.  4.  A 
.  significant  number  of  particles  represented  by  solid  triangles 
has  entered  the  cavity  and  the  vortex  behind  the  disk  in  the 
case  of  Xc/Do  =  0.4,  which  indicates  the  intense  mixing  re¬ 
sulting  from  the  dynamic  flow  structures. 

When  the  disk  was  located  at  Xc/Dq  -  0.6,  the  cavity  flow 
became  steady;  as  a  result,  the  flow  behind  the  disk  also  became 
nearly  steady  [Fig.  4(b)],  The  total  drag  under  this  condition 
reached  a  minimum  value.  Well-defined  comer  vortices  have 
formed  in  this  case.  Interestingly,  the  direction  of  rotation  of 
the  fluid  in  the  cavity  follows  that  observed  for  the  no-disk  case 
(Fig.  3).  The  steady  vertices  in  the  cavity  and  behind  the  disk 
in  this  optimum  case  seem  to  be  the  split  parts  of  the  steady 
vortex  computed  without  the  disk,  and  the  velocity  vectors  at 
the  tip  of  the  disk  show  that  the  fluid  is  passing  around  the  disk 
smoothly.  However,  the  location  of  the  main-flow  re-attachment 
point  on  the  spindle  has  shifted  from  110  to  125  mm  from  the 
fbrebody  with  the  addition  of  the  disk.  This  increase  in  the  re- 
attachment  distance  was  also  observed  in  the  flow-visualization 
experiments  of  Little  and  Whipkey  (1979).  Simulations  made 
for  XcJDo  =  0.7  [Fig.  4(c)]  yielded  perfectly  steady  vortices 
within  the  cavity  and  behind  the  disk.  The  flow  stmcture  is 
similar  to  that  observed  for  the  Xc/Dq  =  0.6  case. 

For  cavity  sizes  greater  than  Xc/Do  >  0.7,  flow  in  the  cavity 
and  behind  the  disk  became  unsteady  [Fig.  4(d)],  resulting  an 


increase  in  the  drag  coefficient.  Unlike  in  the  smaller-than- 
optimum-cavity  case  [Fig.  4(c)],  only  one  dominating  vortex 
was  formed  in  the  cavity  and  a  multiple-vortex  structure  was 
established  behind  the  disk.  The  vortex  in  this  larger-than-opti- 
mum-cavity  case  is  not  shedding.  However,  since  the  size  of 
the  cavity  in  this  case  is  larger  than  the  optimum  one,  the 
trapped  vortex  rotates  within  the  cavity.  This  is  evident  from 
the  particle  traces  plotted  in  the  bottom  half  of  Fig.  4(d).  At 
this  instant  the  solid-triangle  particles  are  pulled  into  the  cavity 


Fig.  4  Instantaneous  fiowfields  obtained  using  direct  numerical  sinriula- 
tions  for  forebody-spindle-disk  combination  for  various  disk  locations. 
Xc/Do  =  (a)  0.4,  (b)  0.6,  (c)  0.7,  and  (cf)  1.2.  Velocity  vectors  and  particle 
distributions  are  shown  in  upper  and  lower  halves,  respectively. 
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since  the  vortex  is  closer  to  the  disk;  at  other  instants  these 
particles  pass  over  the  disk  when  the  vortex  is  pushed  toward 
the  forebody.  The  distribution  of  particles  in  this  figure  also 
indicates  that  particles  lump  together  while  moving  around  the 
center  of  the  cavity;  when  that  lump  approaches  the  edge  of  the 
afterbody,  a  fraction  of  particles  leaves  the  cavity.  This  implies 
that  particles  are  entrained  into  the  cavity  vortex  during  a  certain 
phase  and  then  exit  the  ca\dty  during  a  different  phase,  leading 
to  periodic  accumulation  of  particles  in  the  cavity. 

Calculations  for  the  forebody-spindle-afterbody  geometries 
are  also  made  using  the  k-  e  turbulence  model.  For  these  calcu¬ 
lations  grid,  time-step,  and  flow  conditions  utilized  are  the  same 
as  those  used  for  the  direct  simulations.  Interestingly,  for  every 
cavity  size,  the  simulation  with  the  turbulence  model  quickly 
converged  to  steady-state  flowfield.  Results  obtained  for  cavity 
sizes  Xc/Dq  =  0.4,  0.6,  0.7,  and  1.2  are  shown  in  Figs.  5(fl), 
5(b),  5(c),  and  5(d),  respectively.  Since  each  of  these  solu¬ 
tions  represents  a  steady-state  flowfield,  streamlines  are  plotted 
rather  than  particle  traces. 

In  generi,  the  turbulent-flow  calculations  yielded  a  single 
vortex  in  the  cavity  region  and  another  behind  the  disk.  In  the 
case  of  Xc/Do  =  0.4,  the  direction  of  rotation  of  the  cavity 
vortex  is  normal  (clockwise).  On  the  other  hand,  as  shown  in 
Fig.  4(fl),  the  direct  simulations  resulted  in  a  multiple- vortex 
structure  with  the  largest  one  rotating  in  the  counterclockwise 
direction,  which  compares  well  with  the  experimental  data  ob¬ 
tained  by  Little  and  Whipkey  ( 1979).  The  flow  structure  down¬ 
stream  of  the  disk  captured  by  k-  e  turbulence  calculations  is 
also  quite  different  from  that  captured  by  direct  simulations. 
The  vortex  in  the  former  is  squeezed  toward  the  spindle, 
whereas  that  in  the  latter  is  pushed  away  from  the  spindle.  For 
the  near  optimum-size-cavity  cases  where  the  flow  is  at  steady 
state,  turbulent  and  direct  calculations  yielded  similar  solutions. 
The  turbulent  calculations  predicted  flow  reattachment  on  the 
spindle  at  jc  =  175  and  192  mm  for  the  XJDq  —  0.6  and 
0.7  cases,  respectively,  while  the  direct  simulations  predicted 
reattachment  at  ;c  =  175  and  186  mm,  respectively.  However, 
some  minor  differences  exist  in  the  solutions  obtained  by  the 
turbulent  and  direct  calculations  for  these  cases.  The  turbulence 
model  seems  to  dissipate  the  comer  vortices  that  are  observed 
in  the  direct  simulations. 

The  cavity  flow  smictures  predicted  by  the  turbulent  and 
direct  simulations  for  the  XJDq  =1.2  case  [Figs.  5(^)  and 
A(d),  respectively]  are  similar  in  nature,  even  though  the  latter 
is  dynamically  oscillating  within  the  cavity.  Interestingly,  the 
streamline  drawn  from  the  edge  of  the  forebody  in  Fig.  5(d) 
shows  that  flow  dips  slightly  into  the  cavity  near  the  disk  and 
then  flows  back  around  the  tip  of  the  disk.  This  dividing  stream¬ 
line  also  suggests  that  no  flow  is  entering  the  recirculation  re¬ 
gion.  The  dynamic  flow  structure  downstream  of  the  disk  pre¬ 
dicted  by  the  direct  simulations  is  quite  different  from  the  sin¬ 
gle-vortex  structure  obtained  with  die  k-t  turbulence  model. 

In  general,  results  obtained  for  the  larger-spindle  case  are 
similar  to  those  shown  in.  Figs.  4  and  5.  Calculations  were 
also  made  for  different  disk  sizes,  and  similar  dynamic  flow 
structures  were  found.  These  calculations  suggest  &at  the  mini- 
mum-drag-coefficient  condition  seems  to  be  coupled  to  the 
steadiness  of  the  vortex  trapped  in  the  cavity  formed  between 
the  forebody  and  disk.  Multiple  vortices  form  in  the  smaller 
cavities  and  periodically  shed,  which,  in  turn,  makes  the  vortex 
behind  the  disk  shed  also.  The  single  dominating  vortex  estab¬ 
lished  in  larger  cavities  rotates  within  the  cavity,  which,  in  turn, 
develops  multiple  vortex  structures  behind  the  disk. 

The  drag  coefficient  computed  as  a  function  of  time  for  differ¬ 
ent  disk  locations  for  smaller  and  larger  spindles  is  shown  in 
Figs.  6(a)  and  6(b),  respectively.  The  time-averaged  data 
shown  in  Fig.  2  correspond  to  the  instantaneous  data  given  in 
Fig,  6(a).  Data  for  the  optimum  cavity  sizes  are  shown  with 
solid  circles.  Overall,  the  frequency  for  fluctuations  in  AQ?  is 
found  to  be  inversely  related  to  Ae  cavity  size.  For  cavities 


Fig.  5  Steady-state  flowfields  obtained  using  e  turbulence  model  for 
the  forebody-spindle-disk  combination.  Xc/Do  *  (a)  0.4,  (b)  0.6,  (c)  0.7, 
and(d)1J2. 


smaller  than  the  optimum  size,  calculations  have  always  yielded 
fluctuating  drag  coefficients.  On  the  other  hand,  for  larger-than- 
optimum  cavities,  fluctuations  in  the  drag  coefficient  are  ob¬ 
served  only  for  significantly  larger  cavities.  Interestingly,  the 
near-steady  drag  coefficient  for  XJ Dq  =  0.7  in  the  c<ae  of  die 
smaller  spindle  [Fig.  6(a)]  and  for  XJDq  =  0.8  in  the  case  of 
the  larger  spindle  [Fig.  6(£>)]  is  significantly  higher  than  the 
respective  values  obtained  with  the  optimum  cavity  sizes.  This 
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(a) 


(b) 

Fig.  6  Change  in  drag  coeffici^t  witfi  time  resulting  from  tiie  addition 
of  the  disk  to  the  fbrebody-spindle  geometry  obtained  tor  different  cavity 
lengths:  (a)  smali-spindie  case;  (b)  large*spindle  case 

indicates  that  even  though  under  minimum-drag  conditions  the 
vortices  in  the  cavity  and  behind  the  disk  are  locked  spatially, 
the  converse — lock^  vortices  yielding  minimum  drag — is  not 
always  true. 

Residence  Time  and  Entrainment  in  the  Cavity.  With 
the  proper  choice  of  cavity  dimensions  such  as  length  and 
height,  the  vortex/vortices  in  the  cavity  can  be  made  stationary. 
On  the  other  hand,  a  stationary  vortex  yields  minimum  mass 
exchange  between  the  vortex  and  the  main  flow  (flow  in  the 
^nular  gap).  In  a  combustor,  this  implies  that  the  transport  of 
die  oxidizer  from  the  main  flow  into  the  cavity  will  be  minimum 
when  the  vortices  in  the  cavity  are  locked.  Since  locked  vortices 
help  to  stabilize  the  flames  in  the  combustor,  for  accommodating 
the  decrease  in  the  oxidizer  entrainment  into  the  cavity,  addi¬ 
tional  air  must  be  fed  into  the  cavity  directly  to  obtain  better 
performance  from  the  trapped-vortex  combustor.  Therefore,  it 
is  important  to  understand  the  residence  time  and  entrainment 
characteristics  of  cavity  flows  for  different  cavity  sizes. 

A  quantitative  estimation  of  entrainment  is  difflcult  in  a  dy¬ 
namic-flow  system  since  entrainment  resulting  from  vortex  mo- 
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tion  and  fluid  transported  from  the  molecular  and/or  turbulent 
diffusion  are  tightly  coupled.  The  concentration  of  tracer  fluid, 
which  represents  the  net  transport  from  entrainment  and  diffu¬ 
sion,  cannot  yield  the  entrainment  characteristics  of  a  dynamic 
flow.  Therefore,  in  the  present  study,  estimations  for  the  resi¬ 
dence  time  and  entrainment  resulting  from  the  dynamic  motion 
of  vortices  in  the  cavity  are  made  by  following  a  unique  ai^ 
proach  based  on  particle  distribution.  Two  sets  of  mssless  pa^- 
cles  were  injected  into  the  combustor — one  set  in  the  cavity 
region  close  to  the  forebody  (Location  A)  and  the  other  into 
the  air  flow  at  the  entrance  (Location  B ) .  Both  sets  of  parades 
were  injected  into  the  flowfield  with  a  time  interval  of  0.27  ms. 
The  fraction  of  the  mass  that  ori^nated  in  the  cavity  ^d  re¬ 
mained  in  the  cavity  after  t  ms  is  obtained  by  summing  the 
particles  that  were  released  from  Location  A  at  a  tiine  t  ms 
prior  and  are  still  laying  within  the  cavity.  The  decay  of  inject^ 
fluid  in  the  cavity  at  different  times  for  different  cavity  sizes  is 
shown  in  Fig.  7(a).  Since  the  residence  time  for  the  fluid  that 
is  injected  into  the  cavity  is  inversely  proportional  to  the  decay 
time.  Fig.  7(a)  also  represents  the  residence-time  characteristics 


Fig.  7  Residence-time  and  entrainment  characteristics  obtained  from 
partieie  distributions  for  different  cavity  lengths:  (a)  ratio  of  rate  of 
crease  in  cavity  mass  and  rate  of  injection  of  mass  into  cavity;  (b)  ratio 
of  rate  of  increase  in  cavity  mass  and  rate  of  injection  of  mass  outside 
cavity 
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for  different  cavity  sizes.  The  observations  made  from  Fig.  l{a) 
are  as  follows:  ( 1 )  When  the  vortices  in  the  cavity  become 
stable  (0.6  case),  Ae  injected  fluid  remains  in  the  cavity.  The 
small  fluctuations  obviously  indicate  that  the  vortices  in  the 
cavity  are  not.  perfectly  locked.  (2)  For  the  case  of  XJDq  = 
0.4,  the  injected  fluid  leaves  the  cavity  with  time.  Interestingly, 
the  fluid  decay  in  this  case  is  not  a  linear  function  of  time. 
Figure  7(cz)  indicates  that  the  initial  80  percent  of  the  fluid  left 
the  cavity  in  about  40  ms,  whereas  the  remaining  20  percent 
fluid  required  '--80  ms  to  leave  the  cavity.  This  variation  in 
residence  time  results  from  the  differences  in  the  dynamic  char¬ 
acteristic  of  the  vortices  in  the  cavity.  The  vortices  in  the  upper 
half  seem  to  shed  from  the  cavity,  whereas  the  ones  in  the  lower 
half  move  within  the  cavity  itself.  Therefore,  the  particles  (or 
mass)  injected  into  the  vortices  in  the  upper  half  have  less 
residence  time,  and  the  particles  injected  into  the  lower-half 
vortices  remain  in  the  cavity  for  longer  periods  of  time.  Because 
of  the  difference  in  the  residence  times  of  the  mass  injected 
from  different  locations  within  the  cavity,  evenly  distributed 
combustion  within  the  cavity  can  be  achieved  by  injecting  fuel 
and  air  into  the  cavity  at  multiple  locations  with  varying  flow 
rates. 

Flow  within  the  cavity  becomes  dynamic  also  for  the  cases 
where  the  length  of  cavity  is  greater  than  that  of  the  optimum 
one.  As  a  result,  the  mass  of  the  fluid  remaining  in  the  cavity 
decreases  with  time  [Fig.  7(a)].  However,  unlike  in  the  case 
of  the  shorter-than-optimum  cavity,  fluid  fluctuates  at  a  near- 
constant  frequency  (72  Hz).  These  fluctuations  result  either 
from  entrainment  of  particles  into  the  cavity  that  had  left  earlier 
or  from  accumulation  of  particles  resulting  from  a  phase  lag 
between  the  injection  and  ejection  times.  A  close  look  at  the 
cavity-flow  structure  in  Fig.  S{d)  suggests  that  vortices  are  not 
shedding  from  the  cavity;  hence,  entrainment  of  cavity  particles 
back  into  the  cavity  may  be  ruled  out.  The  particle  distribution 
in  this  figure  also  indicates  that  particles  lump  together  while 
moving  around  the  center  of  the  cavity  and  when  that  lump 
comes  closer  to  the  edge  of  the  afterbody,  a  fraction  of  particles 
leaves  the  cavity.  This  implies  that  the  particles  injected  into 
the  cavity  vortex  at  a  certain  phase  leave  the  cavity  quickly 
[corresponds  to  the  maxima  in  the  XJDq  =1.2  curve  in  Fig. 
7(a)];  on  the  other  hand,  those  injected  at  other  phases  tend 
to  remain  in  the  cavity  for  longer  periods  of  time  (corresponds 
to  the  minima).  This  scenario  can  be  confirmed  by  considering 
the  relationship  between  the  time  period  for  one  cycle  (^^14 
ms)  and  the  distance  traveled  by  the  particle  lump  ( '^340  mm, 
obtained  from  the  cavity  dimensions),  which  yields  a  velocity 
of  24  m/s — close  to  the  jet  velocity  or  the  recirculating  flow 
velocity  in  the  cavity.  These  insights  into  the  vortex  dynamics 
and  particle  accumulation  in  the  cavity  aid  in  determining  the 
injection  pattern  for  providing  longer  or  shorter  residence  times 
for  the  fuel-air  mixture  to  obtain  better  combustion  and  pollut¬ 
ant  management. 

For  bringing  the  main  air/fiiel  into  the  cavity,  it  is  important 
to  know  the  entrainment  characteristics  of  the  vortices  for  differ¬ 
ent  cavity  sizes.  Such  characteristics  for  three  cavity  sizes  were 
obtained  by  calculating  the  number  of  particles  injected  in  the 
main  flow  and  entrained  into  the  cavity.  Entrainment  rates  from 
the  particle  count  are  shown  in  Fig.  l{b).  As  expected,  when 
ihe  vortex  is  trapped  in  the  optimally  designed  cavity,  very  little 
main  flow  is  entrained  into  the  cavity.  This  emphasizes  the 
important  aspect  of  the  trapped-vonex  combustor — that  under 
optimum  design  conditions,  the  fuel  and  air  necessary  for  effi¬ 
cient  combustion  in  the  cavity  should  be  directly  injected  into 
the  cavity  without  relying  on  entrainment  from  the  main  flow. 
On  the  other  hand,  when  the  cavity  is  smaller  than  the  optimum 
one.  as  in  the  case  of  XJDo  =  0.4.  the  entrainment  rate  initially 
increased  linearly  up  to  r  =  40  ms  and  later  slowly  reached 
a  saturated  value.  Tfre  balance  between  entrainment  into  and 
shedding  from  the  cavity  resulted  in  a  saturated  level  for  the 
main-flow  particles  in  the  cavity.  In  the  case  of  the  larger-than- 


optimum  cavity  [XJDq  =  1.2  case  in  Fig.  7(i?)],  particles  that 
were  injected  into  the  main  flow  entered  the  cavity  in  a  stepwise 
fashion.  As  discussed  earlier,  a  maximum  number  of  particles 
enters  the  cavity  during  a  certain  period  of  the  vortex  evolution. 
The  gradual  decrease  in  the  step  height  with  time  indicates  that 
the  entrainment  rate  is  approaching  a  saturated  value. 

Combusting  Flow.  Considering  the  advantages  of  locked 
vortices  for  stable  combustion,  Hsu  et  al.  (1995)  have  devel¬ 
oped  a  laboratory  combustor  that  can  operate  over  a  wide  range 
of  flow-rate  conditions.  The  geometry  of  the  center-body  com¬ 
bustor  designed  by  Hsu  et  al.  (1995)  is  similar  to  that  studied 
by  Little  and  Whipkey  (1979)  for  nonreacting  flows.  For  in¬ 
vestigating  the  vortex  characteristics  in  the  cavity  under  com- 
busting-flow  environment,  calculations  were  made  for  the  simu¬ 
lation  of  reacting  flow  for  the  combustor  of  Hsu  et  al.  ( 1995), 
This  combustor  consists  of  a  forebody  and  an  afterbody  of 
diameters  70  and  50.8  mm,  respectively.  The  combustor  is  en¬ 
closed  in  a  80-mm-dia  Pyrex  annular  tube.  Main  air  is  delivered 
through  the  annular  gap  between  the  Pyrex  tube  and  the  fore¬ 
body  at  a  velocity  of  42  m/s.  Primary  air  and  fuel  (propane) 
are  injected  into  the  cavity  from  the  afterbody.  Fuel  and  air  are 
carried  to  the  afterbody  through  a  central  tube  that  connects  the 
afterbody  to  the  forebody.  Figure  8(a),  obtained  using  a  normal 
photographic  camera  with  long  exposure  time,  shows  the  flame 
and  the  combustor  geometry  for  operation  under  a  primary 
equivalence  ratio  (defined  as  fuel-to-air  ratio  injected  into  the 
cavity  relative  to  tihe  ratio  required  for  stoichiometric  combus¬ 
tion)  of  4,4. 

Calculations  were  made  for  this  fuel-rich  condition  using  a 
251  X  101  grid  system.  Fuel  and  air  in  the  experiment  were 
injected  into  the  cavity  through  three  coannular  rows  of  holes 
drilled  on  the  face  of  the  afterbody.  The  fuel  holes  were  sand¬ 
wiched  between  the  air  holes.  The*  symmetric  distribution  of 
holes  is  assumed  to  provide  only  weak  three-dimensional  ef¬ 
fects.  For  performing  axisymmetric  calculations  on  this  near- 
symmetric  combusting  flow,  the  fuel  and  air  holes  were  replaced 
with  annular  slots  of  1-mm  width  in  the  model.  The  flat  veloci¬ 
ties  of  12.4  and  5  m/s  at  the  exits  of  air  and  fuel  slots  gave  the 
measured  flow  rates  of  56  and  25  slpm,  respectively. 

The  instantaneous  flow  computed  with  a  fast-chemistiy  as¬ 
sumption  is  shown  in  Fig.  S(b)  by  plotting  iso-temperature 
contours  and  velocity  vectors  in  the  upper  and  lower  halves, 
respectively.  Computed  flow  in  the  cavity  has  a  large  vortex 
generated  by  the  high-speed  annulus  air  flow  and  several  small 
vortices  that  are  primarily  developed  from  the  interaction  of 
fuel  and  air  jets  injected  into  the  cavity.  Hgure  8(1?)  also  indi¬ 
cates  that  the  flow  of  combustion  products  from  the  cavity 
over  the  disk  is  associated  with  only  weak  shedding.  This  was 
confirmed  by  making  an  animation  of  the  time-dependent  solu¬ 
tion.  The  weak  vortex  shedding  from  the  cavity  suggests  that 
the  global  vortex  structure  in  the  cavity  represents  a  locked 
vortex.  Note  that  the  design  strategy  used  by  Hsu  et  al.  ( 1995) 
for  determining  the  cavity  size  was  based  on  the  conditions  for 
obtaining  locked  vortices  in  cold  flows  without  primary  injec¬ 
tion.  For  this  cavity  size,  cold-flow  calculations  also  showed 
locked  vortices  within  the  cavity  and  behind  the  afterbody.  Ab¬ 
sence  of  strong  vortex  shedding  from  the  cavity,  noted  from 
the  reacting  flow  calculations  made  with  primary  injection  (Fig. 
8 ) ,  suggests  that  the  locked-vortex  criterion  obtained  using  cold 
annular  flow  yields  locked  vortices  (overall)  in  the  reacting 
flow  case  also.  Additional  calculations  must  be  performed  with 
different  cavity  sizes  before  a  general  conclusion  can  be  reached 
regarding  locked  vortices  in  cold  and  reacting  flows. 

The  overall  flow  structure  and  the  temperamre  field  are  ob¬ 
tained  from  direct  numerical  simulations  by  time  averaging  the 
8000  instantaneous  solutions  over  a  period  of  40  ms.  The  results 
are  shown  in  Fig.  8(c).  The  dominating  cavity  vortex  and  the 
near  steady-state  wake  vortex  noted  in  the  instantaneous  solu¬ 
tions  [e.g..  Fig.  Sib)]  have  appeared  in  the  time-averaged  data 
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Fig.  8  Reacting  flow  inside  trapped-vortex  combustor  for  primary  equiv¬ 
alence  ratio  of  4.4:  (a)  direct  -photograph  of  flame,  (b)  instantaneous 
flowfield  obtained  with  direct  numerical  simulation,  (c)  flame  obtained 
by  averaging  several  instantaneous  solutions,  and  (d)  steady-state  flame 
simulated  using  Ar-e  turbulence  model.  Iso-temperature  contours  are 
plotted  with  150-K  interval  from  300  1C 


as  stable  recirculation  regions.  A  small  recirculation  region  in 
the  comer  of  the  spindle  and  disk  may  also  be  noted  in  Hg. 
8(c).  Time  averaging  has  also  eliminated  the  temperatures  that 
are  greater  than  1600  K  [absence  of  Contour  No.  A  in  Fig. 
He)]. 

The  computed  peak  temperature  (time-averaged)  of  1600  K 
is  lower  than  that  measured  (~1900  K)  in  the  experiment  In 
fact,  even  the  instantaneous  temperature  never  exceeded  1750 


K  in  the  direct  numerical  simulations.  Since  a  fast-chemistry 
model  was  used  in  the  present  simulations,  the  lower  computed 
temperature  could  be  resulting  from  the  mixing-linuted  environ¬ 
ment  in  the  cavity.  It  is.  known  that  even  though  large-scale 
flow  stmetures  play  a  major  role  in  the  mixing  of  fuel  and  air, 
small  scales  are  important  for  mixing  on  a  local  level.  The 
present  simulations  predict  only  the  large-scale  vortical  struc¬ 
tures  in  the  cavity.  The  lower  predicted  temperature  could  then 
be  due  to  the  absence  of  small-scale  vortices  in  the  calculations. 
For  verifying  this,  calculations  were  made  by  including  the  k- 
€  model  for  turbulence.  Computations  resulted  in  a  steady  flow 
and  the  predicted  temperature  field  is  shown  in  Fig.  8(^f).  Note 
that  the  same  251  x  101  grid  system  utilized  in  direct  numerical 
simulations  was  employed  for  these  calculations  also.  Surpris¬ 
ingly,  the  peak  temperature  obtained  in  Fig.  8(tf)  was  only  1500 
K — lower  than  that  obtained  without  the  turbulence  model.  This 
suggests  that  the  combustion  in  the  cavity  is  not  limited  by  the 
small-scale  mixing. 

In  experiments,  primary  fuel  and  air  are  passed  through  ^e 
central  mbe  and  afterbody  before  being  injected  into  the  cavity. 
Since  both  the  center  tube  and  afterbody  are  surrounded  by  the 
hot  combustion  products,  their  wall  temperatures  are  expect^ 
to  be  higher  than  the  temperature  of  the  incoming  fuel  and  air, 
which,  in  turn,  heats  the  fuel  and  air.  On  the  other  hand,  even 
though  the  walls  of  the  afterbody  arid  center  tube  were  treated 
as  adiabatic  walls  in  the  present  simulations,  fuel  and  air  were 
injected  in  the  cavity  at  room  temperature  since  flow  inside  the 
tubes  was  not  considered.  It  is  believed  that  the  hotter  fuel  and 
air  injected  into  the  cavity  leads  to  the  higher  temperatures  in 
the  experiment 

A  comparison  between  the  time-averaged  flow  field  [Fig. 
8(c)]  and  the  steady-state  solution  resulted  from  k-e  model 
[Fig.  Hd)]  reveals  significant  similarities.  Mainly,  the  recircu¬ 
lation  zone  observed  in  the  time-averaged  data  matches  well 
with  that  obtained  with  A:—  e  model.  On  the  other  hand,  the  wake 
vortex  behind  the  disk  and  the  comer  vortex  of  the  spindle  and 
disk  predicted  with  k-  e  tuibulence  model  are  weaker  than  those 
obtained  from  the  time-averaged  direct-numerical-simulations 
data.  The  temperature  distributions  in  Figs.  8(c)  and  8(rf)  are 
also  quite  different.  Simulations  with  the  k—e  model  yielded 
jet-flame  structures  in  the  cavity  following  the  fuel  and  air 
injections,  whereas,  more  uniform  temperature  distributions  are 
obtained  with  direct  numerical  simulations. 


Summary 

Vortex  shedding  behind  a  bluff  forebody  leads  to  a  higher 
drag  coefficienL  It  is  known  that  by  trapping  these  wake  vortices 
using  disks,  the  drag  coefficient  of  the  forebody-spindle-^sk 
combination  can  be  decreased.  The  dynamics  of  the  vortices 
formed  inside  the  cavity  and  behind  the  forebody  were  studied 
using  a  time-dependent,  axisymmetric  Computational  Fluid  Dy¬ 
namics  with  Chemistiy.(CEDC)  code.  A  large  number  of  grid 
points  wTth  AX  and  Ar  -  0.9  mm  was  used  to  capture  the 
large-scale  structures  whose  physical  size  is  up  to  an  order 
of  magnitude  smaller  than  the  cavity  height  The  important 
conclusions  reached  from  the  calculations  made  with  different 
cavity  sizes,  spindle  diameters,  and  disks  are  that  ( 1 )  changes 
in  drag  coefficient  can  be  predicted  from  the  simulation  of  large- 
scale  structures  alone,  (2)  for  the  optimum  cavity  length  ^ 
which  the  drag  coefficient  becomes  minimum,  the  vortices  in 
the  cavity  and  behind  the  disk  are  locked  spatially;  however, 
the  converse — locked  vortices  correspond  to  a  minimum-drag 
condition — is  not  always  true,  (3)  more  than  one  dominant 
vortex  is  developed  in  smaller-than-optimum  cavities  and  vortex 
shedding  always  occurs  from  these  cavities,  (4)  a  single  do.im- 
nating  vortex  formed  within  a  larger-than-optimum  cavity 
moves  within  the  cavity  and  shedding  is  not  associated,  and 
(5)  because  of  the  cavity-vortex  shedding,  entrainment  into  the 
cavity  is  greater  and  residence  time  is  lower  in  the  smaller- 
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than-opdmum  cases  compared  to  those  in  the  larger-than-opti- 
mum  ones.  These  findings  are  useful  in  determining  the  loca¬ 
tions  for  injecting  primary  air  and  fuel  into  the  cavities  for 
trapped-vortex-combustor  applications. 

Calculations  were  also  performed  for  the  reacting  flow  in  the 
trapped-vortex  combustor  designed  by  Hsu  et  al.  (1995)  using 
the  fast-chemistry  model.  Preliminary  results  suggest  that  the 
optimum  cavity  length  determined  from  the  nonreacting  annular 
flow  seems  to  yield  nonshedding  cavity  flows,  even  with  com¬ 
bustion  and  primary  injection  into  the  cavities.  Additional  calcu¬ 
lations  must  be  performed  to  verify  this  conclusion  for  different- 
geometry  combustors. 
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Low-velocity  0ows  in  the  cavities  of  a  combustor  can  aid  in  establishing  stable  flames.  However,  un¬ 
steady  flows  in  and  around  cavities  may  destabilize  these  flames.  By  proper  cavity  design  it  is  possible  to 
lock  (trap)  the  vortices  spatially  and,  thereby,  stabilize  the  flames.  The  spatially  locked  vortices  restrict 
the  entrainment  of  main  air  .into  the  cavity.  For  obtaining  good  performance  characteristics  with  a 
trapped-vortex  combustor,  a  sufGicient  amount  of  fuel  and  air  must  be  injected  du^tly  into  the  cavity. 

This  mass  injection  can  alter  the  dynamic  characteristics  of  the  flow  inside  and  around  the  cavity.  The 
present  study  employed  a  numerical  simulation  to  investigate  the  vortex  dynamics  of  a  cavity  into  which 
fluid  mass  is  directly  injected  through  jets.  A  third-order-accurate,  time-dependent,  computational  fluid 
dynamics  with  chemistry  code  was  used  for  simulating  the  dynamic  flows  associated  with  an  axisymmetric, 
centerbody  trapped-vortex  combustor  under  nonreactii^  and  reacting  conditions.  It  was  found  that  mass 
injection  increases  the  optimum  size  (width-to-diameter  ratio)  of  the  cavity.  Ipjection  of  small  amounts 
of  fluid  into  a  nonoptimum  cavity  increases  the  unsteadiness  of  the  flow.  Fluid  injected  into  the  optimum- 
size  cavity  is  transported  along  the  outer  core  of  the  vortex,  providing  more  efficient  mixing  and  a  longer 
residence  time  for  the  fuel/air  mixture.  It  was  also  found  that  use  of  thinner  afterbodies  results  in  the 
cavity  flow  being  more  dynamic.  Calculations  made  with  a  global-chemistry  model  revealed  that  at  higher 
annulus  air  velocities,  combustion  is  limited  to  the  cavity  region.  As  in  the  case  of  cold  flows,  the  injection 
jets  in  reacting  flows  are  pushed  outward  from  the  center  when  the  cavity  size  is  smaU. 


Nomenclature 

A  =  coefficient  used  in  finite  difference  equation 

Cp  =  pressure  coefficient 

Cp  =  specific  heat  of  the  mixture 

D  =  diffusion  coefficient 

Do  =  forebody  diameter 

dA  =  incremental  area 

E  =  enthalpy 

h  =  total  enthalpy 

Ipf  =  heat  of  formation  at  standard  state 

Le  =  Lewis  number 

M  .  =  molecular  weight 

Ns  =  total  number  of  species 

p  =  pressure 

Ro  =  universal  gas  constant 

r  =  radial  distance 

S„  =  number  of  wall  surfaces 

5***  =  source  term  in  <I>  equation 

T  =  temperature 

t  =.time 

u  -  axial  velocity  component 

V.  =  velocity 

V  =  radial  velocity  component 

Xc  =  cavity  length 

Y  =  mass  fraction 

z  =  axial  distance 
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=  transport  coefficient  in  equation 

AH 

=  disk  thickness 

A 

=  thermal  conductivity 

P- 

=  viscosity 

P 

=  density 

=  represents  a  flow  variable 

(b 

=  net  rate  of  production  of  a  species 

Subscripts 

i 

=  ith  species 

j 

=  Jth  reaction 

P 

=  reference  grid  point 

w 

=  wall 

z\r^ 

ss  grid  points  adjacent  to  P  in  z  and  r  directions. 

respectively 

sz  two  grid  points  away  from  P  in  z  and  r 
directions,  respectively 

z“,  r"  =  grid  points  adjacent  to  P  in  negative  z  and  r 
directions,  respectively 

z — ,  r —  =  two  grid  points  away  from  P  in  negative  z  and  r 
directions,  respectively 
00  =  freestream 

Superscript 

N  =  time-step  number 

Introduction 

NSTEADY  flow  in  and  around  cavity-type  geometries 
occurs  in  a  variety  of  applications  such  as  slotted  wind 
tunnels,  slotted  flumes,  bellow-type  configurations,  and  aircraft 
engine  and  airframe  components.  In  particular,  the  unsteady 
flow  in  aircraft  combustors  limits  fuel-lean  operation  and  de¬ 
grades  flame-stability  characteristics.  Recently,  a  simple,  com¬ 
pact,  and  efficient  method  of  using  cavities  to  stabilize  com¬ 
bustion  was  proposed  by  Hsu  et  al.^  Because  this  concept  uses 


274 


KATTA  AND  ROQUEMORE 


a  vortex  that  is  trapped  in  a  cavity  to  stabilize  the  flame,  it  is 
referred  as  the  trapped-vortex  (TV)  concept.  Several  investi¬ 
gators  have  recognized  the  aerodynamic  advantages  of  locking 
the  vortices  inside  and  around  the  cavity  in  a  nonreacting 
fiow.^”"^  Experiments  of  Rohsenow  et  al.^  have  shown  that 
when  two  circular  orifices  are  placed  in  series  in  a  pipe,  a  large 
recovery  of  pressure  occurs  across  the  second  orifice  in  certain 
circumstances;  hence,  the  overall  pressure  drop  is  considerably 
less  for  the  two  orifices  than  for  a  single  one  having  the  same 
flow.  In  ribbed  diffusers,  Migay^  found  that  balancing  the  fluid 
removed  by  entrainment  and  the  fluid  entering  the  cavity  by 
reversed  flow  ensures  that  the  flow  outside  the  cavities  will 
follow  the  ribs  fairly  closely,  and  a  good  pressure  recovery 
will  be  achieved.  Mair"^  showed  that  by  mounting  a  disk  behind 
the  base  of  a  blunt  body,  the  drag  of  the  blunt  object  can  be 
reduced.  Using  similar  concepts,  Roshko  and  Koenig*  reported 
a  reduction  in  drag  of  blunt  forebodies  when  disks  were  placed 
on  spindles  ahead  of  the  bodies. 

Little  and  Whipkey*^  conducted  extensive  investigations  on 
the  dynamic  nature  of  flows  over  bluff  bodies  using  smoke- 
flow  visualization  and  laser— velocimetry  (LV)  techniques.  Be¬ 
cause  of  the  limitations  of  the  smoke  tunnel,  they  employed 
reduced-flow  conditions  (—0.3  m/s)  and  half-scale  geometries 
for  the  flow- visualization  studies  and  full-scale  geometries  and 
turbulent  flows  (—30  m/s)  for  the  time-averaged  drag  mea¬ 
surements.  Based  on  these  reduced  and  full-scale  experiments, 
they  correlated  the  afterbody  drag  and  the  motion  of  the  vortex 
in  the  wake  region  and  postulated  that  a  minimum-drag  con¬ 
dition  is  established  when  the  wake  vortices  are  locked  be¬ 
tween  two  disks  mounted  in  series  on  a  spindle.  They  also 
suggested  that  the  cavity  formed  between  the  disk  and  the  bluff 
body  should  be  of  such  dimensions  that  the  locked  vortex 
would  effectively  fill  the  cavity.  Based  on  reduced-scale,  flow-- 
visualization  experiments  on  cavities  formed  between  a  fore¬ 
body  and 'an  afterbody.  Little  and  Whipkey  correlated  the  drag 
and  motion  of  the  vortex  in  the  cavity  region  and  postulated 
that  a  minimum-drag  condition  is  established  when  the  cavity 
vortices  are  locked  between  the  two  bodies.  Katta  and  Roque- 
more’*^  used  direct  numerical  simulations  to  investigate  the  Lit¬ 
tle  and  Whipkey  experiments  under  turbulent-flow  conditions. 
The  simulations  successfully  predicted  that  a  cavity  having  a 
length-to-diameter  ratio  of  0.45  becomes  stationary  and  that 
the  pressure-drag  coefficient  is  reduced  to  a  minimum  value 
when  the  vortices  are  locked  inside  and  around  the  cavity.  This 
suggests  that  the  relationship  between  the  minimum  drag  co¬ 
efficient  and  the  vortex  motion  is  also  valid  in  the  case  of 
turbulent  flows.  These  simulations  demonstrated  the  capability 
of  numerical  simulations  in  the  study  of  the  dynamic  processes 
associated  with  cavities. 

Two  major  differences  exist  between  flows  associated  with 
airframe  cavities  and  those  associated  with  the  combustor  cav¬ 
ities.  First,  the  heat  release  and  higher  viscosity  of  the  com¬ 
bustion  products  associated  with  the  partial  burning  that  takes 
place  in  the  cavities  could  alter  the  vortex  dynamics.  As  a 
result,  the  criterion  for  trapping  a  vortex  in  a  heated  flow 
would  differ  from  that  for  trapping  a  vortex  in  a  cold  flow. 
Secondly,  it  is  known  that  a  locked  vortex  entrains  a  minimum 


amount  of  fluid  from  the  main  flow;  hence,  to  achieve  contin¬ 
uous  combustion  in  trapped-vortex  combustors,  fuel  and  air 
must  be  directly  fed  into  the  cavity.  Experimental  investiga¬ 
tions  of  Hsu  et  al.‘  also  indicate  that  a  TV  combustor  operates 
most  efficiently  when  fuel  and  air  are  injected  directly  into  the 
cavity.  However,  direct  injection  of  mass  (air  and/or  fuel)  into 
the  cavity  could  alter  the  geometrical  criterion  derived  for 
locking  vortices  inside  passive  cavities,  i.e.,  without  injection. 

The  purpose  of  this  study  was  to  investigate  the  dynamics 
of  cavity  flows  as  jets  arc  directly  injected  into  the  cavity.  A 
third-order-accurate,  time-dependent,  computational  fluid  dy¬ 
namics  with  chemistry  (CFDC)  code  and  a  large  number  of 
grid  points  were  used  to  investigate  the  flowfields  in  a  research 
TV  combustor^  under  nonreacting  and  reacting  flow  condi¬ 
tions. 

Modeling 

A  time-dependent,  axisymmetric  mathematical  model  that 
solves  for  axial-  and  radial-momentum,  continuity,  and  en¬ 
thalpy-  and  species-conservation  equations  is  used  to  simulate 
the  flowfields  in  the  TV  combustor.  The  governing  equations, 
written  in  a  cylindrical-coordinate  system,  are  as  follows: 


dp  apK  ^  1  a(rpv)  _  p 
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dt 

dz  r  dr 
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Here  u  and  v  are  the  axial  and  radial  components  of  the  ve¬ 
locity  vector,  respectively.  The  general  form  of  Eq.  (2)  repre¬ 
sents  the  momentum,  the  species,  or  the  energy-conservation 
equation,  depending  on  the  variable  used  in  place  of  In 
Table  1  the  transport  coefficients  F*  and  the  source  terms  5*** 
that  appear  in  the  governing  equations  are  given. 

The  partial  set  of  equations  represented  by  Eqs.  (1)  and  (2) 
can  be  completed  using  the  global-species-conservation  equa¬ 
tion 

(3) 

t 

and  the  state  equation 

I  (s) 

where  Yi  and  M,-  are  the  mass  fraction  and  molecular  weight 
of  the  fth  species,  respectively.  While  density  is  obtained  by 
solving  the  state  equation  [Eq.  (4)],  the  pressure  field  at  every 


Table  1  IVansport  coefficients  and  source  terms  in  governing  equations 
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time  step  is  determined  from  pressure  Poisson  equations.  Even 
though  governing  equations  are  solved  in  an  uncoupled  man¬ 
ner,  species-conservation  equations  are  coupled  through  the 
source  terms  during  the  solution  process  to  improve  the  sta¬ 
bility  of  the  algorithm.  Temperature-  and  species-dependent 
thermodynamic  and  transport  properties  are  used  in  this  for¬ 
mulation.  The  enthalpy  of  each  species  is  calculated  from  poly¬ 
nomial  curve  fits;  the  viscosity,  thermal  conductivity,  and  dif¬ 
fusion  coefficients  of  the  species  are  estimated  from  the 
Lennard-Jones  potentials. 

In  the  present  work  reacting  flows  were  simulated  using  the 
following  global-chemical-kinetics  model  involving  propane, 
oxygen,  water,  carbon  dioxide,  and  nitrogen: 

C3H8  4*  5O2  +  I7.73N2  3CO2  +  4H2O  +  I7.73N2  (5) 

The  specific  reaction  rate  for  Eq.  (5)  is  written  in  Arrhenius 
form  with  a  very  large  pre-exponential  factor. 

The  governing  equations  are  integrated  using  an  implicit 
QUICKEST  (quadratic  upstream  interpolation  for  convective 
kinematics  with  estimated  streaming  terms)  numerical 
scheme,®*^®  which  is  third-order  accurate  in  both  space  and  time 
and  has  a  very  low  numerical-diffusion  error.  An  orthogonal, 
staggered-grid  system  with  rapidly  expanding  cell  sizes  in  both 
the  z  and  r  directions  is  utilized  for  discretizing  the  governing 
equations.  After  rearrangement  of  terms,  the  finite  difference 
form  of  the  governing  equation  for  the  variable  ^  at  a  grid 
point  P  can  be  written  as  an  algebraic  equation  as  follows: 

aM'"'  +  -f. 

4-  +  Ar-^r- 

=  S?  +  A^*Pp<^?  (6) 

The  time  increment  tis  determined  from  the  stability  constraint 
and  maint£uned  as  a  constant  during  the  entire  calculation.  The 
superscripts  N  and  iV  4-  1  represent  the  known  variables  at  the 
Nth  time  step  and  the  unknown  variables  at  the  (A^  H-  l)th  time 
step,  respectively;  the  subscripts  z'*'  and  z~  indicate  the  values 
at  the  grid  points  immediately  adjacent  to  point  P  in  the  pos¬ 
itive  and  negative  z  directions,  respectively.  Similarly,  the  sub¬ 
scripts  and  z“"  represent  the  values  at  two  grid  points  from 
P  in  the  respective  directions.  The  coefficients  A  and  the  terms 
on  the  right-hand  side  of  the  previous  equation  are  calculated 
from  the  known  flow  variables  at  the  Mh  time  step.  The  pre¬ 
ceding  equations  for  AT,  -H  2  variables  are  solved  individually 
using  an  iterative  alternative  direction  implicit  technique.  The 
pressure  field  at  every  time  step  is  accurately  calculated  by 
simultaneously  solving  the  system  of  algebraic  pressure  Pois¬ 
son  equations  at  all  grid  points  using  the  lower-upper  (LU) 
decomposition  technique. 

Flat-velocity  profiles  are  used  at  the  main  and  primary 
inflow  boundaries.  A  simple  extrapolation  procedure^*  with 
weighted  zero-  and  first-order  terms  is  employed  to  estimate 
the  flow  variables  at  the  outflow  boundary.  The  usual  no-slip, 
adiabatic,  and  chemically  inert  boundary  conditions  are  applied 
at  the  walls. 


Model  Validation 

The  CFDC  code  developed  on  the  basis  of  the  methodology 
described  in  the  previous  section  was  used  previously  to  in¬ 
vestigate  various  dynamic  flows  in  both  reacting  and  nonreact¬ 
ing  environments.  In  conjunction  with  global-chemistry^®  and 
finite  rate  chemistry‘s  models,  the  code  was  successfully  used 
to  predict  the  dynamic  characteristics  of  jet  diffusion  and  pre¬ 
mixed  flames.  After  incorporation  of  a  finite  rate  global  chem¬ 
istry  model,  it  was  also  used  to  investigate  the  attached  and 
lifted  flames  in  a  swirl-stabilized  step  combustor, and  a  rea¬ 
sonable  correlation  between  experimental  results  and  calcula¬ 
tions  was  obtained. 


Nonreacting  flow  calculations  for  geometries  similar  to  the 
one  employed  in  the  present  investigation  showed  that  the  vor¬ 
tex  shedding  behind  a  bluff  body  can  lead  to  a  higher  drag 
coefficient.^  Those  simulations  also  demonstrated  that  by 
proper  choice  of  cavity  size,  the*  vortices  within  the  cavity  and 
behind  the  afterbody  can  be  locked  and,  thereby,  the  drag  co¬ 
efficient  of  the  forebody-spindle-disk  combination  decreased. 
For  different  cavity  sizes  the  predicted  dynamics  of  the  vor¬ 
tices  formed  inside  the  cavity  and  behind  the  forebody  com¬ 
pared  well  with  the  results  of  smoke  visualizations  and  LV 
measurements  of  Little  and  Whipkey.^ 


Fig.  1  Computed  and  measured  velocity  fields  around  forebody-* 
spindle-disk  geometry  for  a)  smaller-than-optimum  and  b)  opti¬ 
mum  size  cavities,  c)  Change  in  pressure  coefficient  for  different 
cavity  sizes.  Experimental  data  are  taken  from  Ref.  6. 
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Typical  results  obtained  for  the  forebody-spindle-disk  ge¬ 
ometry  of  Little  and  Whipkey  are  shown  in  Fig.  1  along  with 
the  corresponding  experimental  data.  An  annular  air  velocity 
of  30  m/s  was  used  in  both  the  calculations  and  the  experi¬ 
ment.  As  discussed  previously,  flow  within  the  cavity  and  be¬ 
hind  the  disk  became  dynamic  for  cavity  sizes  other  than  the 
optimum  one.  The  flowfield  obtained  for  a  smaller-than-opti- 
mum  {XJDq  =  0.35)  size  cavity  is  shown  in  Fig.  la,  and  that 
for  the  optimum  (Xc/Do  =  0.6)  one  is  shown  in  Fig.  lb.  Here, 
the  computed  velocities  (shown  in  the  lower  half)  are  obtained 
by  time-averaging  over  8000  instantaneous  solutions,  and  the 
measured  velocities  (upper  half)  represent  the  time-averaged 
LV  data.  Figures  la  and  lb  suggest  that  calculations  have  cap¬ 
tured  the  key  features  of  these  dynamic  flows;  namely,  a  steady 
flow  in  the  optimum-size  cavity,  an  unsteady  flow  in  the 
smaller-than-optimum  size  cavity,  multiple-vortex  structure 
within  the  cavities,  and  the  direction  of  rotation  of  the  vortices. 
Note  that  in  the  smaller-than-optimum  size  cavity,  the  larger 
vortex  is  rotating  in  the  direction  opposite  that  in  the  optimum- 
size  cavity.  Interestingly,  time-averaged  calculations  using  the 
k-e  model  failed  to  predict  these  features.  Details  of  these  cal¬ 
culations  were  given  in  Ref.  7. 

Changes  in  the  pressure  drag  coefficient  resulting  from  the 
addition  of  different  size  cavities  to  the  forebody  are  shown  in 
Fig.  Ic.  Both  the  calculations  and  the  experimental  results  in¬ 
dicate  that  the  drag  coefficient  becomes  minimum  for  XJDq 

0.6,  In  addition,  calculations  predicted  a  sudden  increase  in 
the  drag  coefficient  for  XJDq  ^  0.5.  Even  though  the  experi¬ 
mental  data  did  not  show  such  a  spike  in  the  drag-coefficient 
curve,  additional  measurements®  made  with  a  slightly  thicker 
spindle  yielded  similar  spikes.  Overall,  the  dynamic  calcula¬ 
tions  performed  on  forebody-spindle-disk  geometries  using  the 
CFDC  code  described  earlier  have  yielded  satisfactory  results. 
The  grid  spacing  of  --0.9  mm  in  ffie  z  and  r  directions  used 
in  these  simulations  was  found  to  be  sufficient  to  capture  the 
large-scale  structures  whose  physical  size  is  greater  than  the 
length  scales  that  are  an  order  of  magnitude  smaller  than  the 
cavity  height.  Because  the  code  and  the  calculation  method¬ 
ology  adopted  in  the  present  investigations  of  injection  effects 
on  cavity  flows  are  essentially  the  same  as  those  used  for  the 
forebody-spindle-disk  cases,  the  accuracy  of  the  results  pre¬ 
sented  in  this  paper  is  expected  to  be  comparable  to  that  ob¬ 
tained  in  the  earlier  work.’  In  addition,  a  grid  spacing  of  *-'0.5 
mm  (nearly  half  of  that  used  in  the  previous  studies  on  locked 
vortices)  in  the  z  and  r  directions  was  used  in  the  present 
simulations  primarily  to  resolve  the  injection  jets. 

Results  and  Discussion 

The  geometry  chosen  for  the  present  study  is  similar  to  that 
of  the  TV  combustor  designed  by  Hsu  et  al.,^  and  to  that  used 
by  Little  and  Whipkey®  in  their  cold-flow  experimental  inves¬ 
tigations  on  locked  vortices.  It  consists  of  a  70-mm-diam  flat 
cylindrical  forebody  enclosed  in  an  annular  cylindrical  tube 
having  an  80-mm  i.d.  An  afterbody  disk  having  a  diameter  and 
thickness  of  50.8  and  20  mm,  respectively,  is  attached  to  the 
forebody  using  a  9-mm-diam  centerbody.  The  size  of  the  cav¬ 
ity  formed  between  the  forebody  and  the  afterbody  is  varied 
by 'moving  the  latter  toward  or  away  from  the  former.  Airflow 
over  this  body  develops  vortices  inside  the  cavity  and  behind 
the  afterbody;  normally  these  vortices  shed,  and  the  flow  be¬ 
comes  dynamic  in  nature.  The  velocity  of  the  air  used  in  the 
annular  gap  between  the  forebody  and  the  surrounding  tube  is- 
40  m/s.  Primary  air  and  fuel  (propane)  are  injected  into  the 
cavity  from  the  afterbody.  Fuel  and  air  are  carried  to  the  af¬ 
terbody  through  a  central  tube  that  connects  the  afterbody  to 
the  forebody.  The  geometry  and  the  grid  system  used  are 
shown  in  Fig.  2.  Variation  of  the  grid  spacing  was  adopted  in 
both  the  axial  z  and  radial  r  directions  to  cluster  the  grid  points 
in  the  cavity  and  near  the  walls. 

In  the  experiments  of  Hsu  et  al.,^  fuel  and  air  were  intro¬ 
duced  into  the  cavity  from  concentric  holes  on  the  afterbody. 


However,  in  the  present  axisymmetric  simulations,  these  in¬ 
jection  holes  are  grouped  into  three  annular  ring  jets  with  the 
fuel  jet  sandwiched  between  the  aiiijets.  Based  on  the  hole  size 
and  mean  distance  from  the  centerline,  the  reconstructed  an¬ 
nular  jets  of  1-mm  thickness  are  located  in  the  afterbody,  as 
shown  in  Fig.  2.  The  centers  of  these  three  annular  jets  (A,  B, 
and  C)  are  located  11,  14.  and  19  mm  from  the  axis  of  sym¬ 
metry,  respectively.  Jets  A  and  C  represent  air,  and  jet  B  rep¬ 
resents  fuel  (propane)  in  the  experiment  and  in  the  combust- 
ing-flow  calculations;  however,  for  simplification,  all  three  jets 
are  assumed  to  be  airjets  in  the  nonreacting  calculations.  Exit 
velocities  for  jets  A,  B,  and  C  are  12.4,  5.0,  and  12.4  m/s, 
respectively.  This  fuel  and  air  injection  results  in  a  global  (or 
overall)  equivalence  ratio  of  0.2  in  the  combustor  and  a  pri¬ 
mary  equivalence  ratio  (defined  as  the  fuel-to-air  ratio  injected 
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Fig.  2  Geometry  and  grid  system  used  for  studying  effects  of 
injection  on  dynamic  characteristics  of  flows  in  cavity  formed  be¬ 
tween  the  forebody  and  afterbody  of  an  axisymmetric  trapped- 
vortex  combustor. 
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Fig.  3  Instantaneous  nonreacting  flowfields  obtained  for  small- 
size  cavity  a)  without  and  b)  with  cavity  injection, 
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into  the  cavity  relative  to  the  ratio  required  for  stoichiometric 
combustion)  of  4.4  in  the  cavity. 

Starting  from  a  uniform  initial  flowfield  in  the  combustor, 
direct  numerical  simulations  are  made  for  different  cavity  sizes 
and  injection  conditions.  For  obtaining  results  not  biased  by 
the  initial  uniform  flowfield,  initial  calculations  for  25,000  time 
steps  (corresponding  to  0.600  s  of  real  time)  were  discarded 
prior  to  recording  the  dynamic  solutions.  Calculations  were 
then  continued  for  another  5000  time  steps  for  data-analysis 
purposes. 

For  understanding  the  influence  of  fluid  injection  on  flow 
dynamics,  calculations  were  made  for  different  injection  con- 
ditions  and  afterbody  locations.  A  341  X  101  grid  system  was 
used  in  the  calculations.  Instantaneous  flowfields  obtained  for 
three  cavity  sizes  are  shown  in  Figs.  3,  4,  and  5.  Hsu  et  al.^ 
found  that  the  cavity  size  given  in  Fig.  4  yielded  optimum 
performance  under  combustion  conditions.  The  width-to-di- 
ameter  (forebody)  ratio  of  this  cavity  is  0,57.  The  smaller  and 
larger  cavities  shown  in  Figs.  3  and  5  have  width-to-diameter 
ratios  of  0.285  and  0.855,  respectively.  The  flowfields  obtained 
for  small-,  medium-,  and  large-size  cavities  with  cavity  injec¬ 
tion  are  shown  in  Figs.  3b,  4b,  and  5b,  respectively.  In  these 
figures  instantaneous  velocity  fields  are  shown  on  one  side  of 
the  combustor,  and  traces  of  the  particles  injected  from  differ¬ 
ent  locations  are  shown  on  the  other  side. 

Passive  Flows  in  Cavity 

It  is  known  that  passive-cavity  flows  (without  injection  or 
combustion)  become  unsteady  for  cavity  sizes  that  are  smaller 


Fig.  4  Instantaneous  nonreacting  flowfields  obtained  for  medium 
(optimum)-size  cavity  a)  without  and  b)  with  cavity  injection. 


Fig.  5  Instantaneous  nonreacting  flowfields  obtained  for  large- 
size  cavity  a)  without  and  b)  with  cavity  injection. 

or  larger  than  the  optimum.  Instantaneous  results  obtained  for 
the  smaller-size  cavity  (Fig.  3a)  indicate  that  the  flowfield  is 
quite  complex  as  a  result  of  the  formation  of  several  vortices. 
Because  of  the  presence  of  the  cavity,  the  main  flow  is  ex¬ 
panded  toward  the  centerbody  which,  in  turn,  results  in  flow 
separation  on  the  outer  wail.  Interestingly,  fluid  in  the  cavity 
is  rotating  counterclockwise  and  is  separated  from  the  main 
flow  by  two  other  vortices  that  are  rotating  naturally  in  the 
clockwise  direction.  Several  instantaneous  solutions  of  this 
flow  revealed  that  the  vortices  in  the  cavity  are  not  shedding 
but  moving  back  and  forth  within  the  cavity.  This  is  expected 
because  the  expanding  main  flow  confines  the  cavity  vortices 
by  impinging  on  the  thick  afterbody  (20  mm).  Further  calcu¬ 
lations  made  with  a  thinner  afterbody  resulted  in  significant 
vortex  shedding  from  the  cavity.  Because  of  the  lack  of  vortex 
shedding  from  the  cavity,  only  a  few  particles  that  injected 
into  the  main  flow  enter  the  cavity.  However,  the  widely  dis¬ 
tributed  particles  behind  the  afterbody  suggest  that  the  flow  is 
quite  dynamic. 

For  the  medium-  and  large-size  cavities,  only  one  major  vor¬ 
tex  is  formed  within  the  cavity.  The  flow  is  unsteady  because 
this  vortex  is  moving  inside  the  cavity.  The  particle  traces  sug¬ 
gest  that  the  flow  around  the  large-size  cavity  (Fig.  5a)  is  more 
dynamic  than  that  around  the  medium-size  cavity  (Fig.  4a):  In 
the  latter  case,  the  main  flow  is  expanding  and  entering  the 
cavity  slightly  upstream  of  the  forebody.  The  particles  injected 
into  the  main  flow  are  directly  entering  the  cavity.  This  means 
that  the  size  (width)  of  the  cavity  might  be  larger  than  the 
optimum  size  for  trapping  the  vortices.  This  cavity  size  was 
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determined  experimentally  to  be  optimum  in  a  combustion  en¬ 
vironment.  However,  it  may  not  represent  the  optimum  size 
for  a  nonreacting  flow  environment.  The  major  differences  be¬ 
tween  cold  and  combusting  flows  from  a  cavity-flow  dynamics 
viewpoint  are  1)  the  damping  effect  of  heat  release  on  flow 
instabilities,  and  2)  the  addition  of  mass  into  the  cavity  from 
primary-fuel  and  air  injections. 

Effect  of  Injection  on  Cold  Flows  in  a  Cavity 

For  understanding  the  mass-addition  effects  of  jets  on  cav¬ 
ity-flow  dynamics,  calculations  were  made  with  air  injections 
for  the  cavity  sizes  shown  in  Figs.  3a,  4a,  and  5a;  the  resulting 
instantaneous  flowfields  are  plotted  in  Figs.  3b,  4b,  and  5b, 
respectively.  The  convective  transport  of  the  injected  fluids  is 
visualized  by  representing  the  particles  that  are  released  from 
jets  A,  B,  and  C  by  symbols  A,  B,  and  C,  respectively.  Note 
that  the  particles  released  from  the  main  flow  are  represented 
by  open  circles. 

The  addition  of  mass  into  the  cavity  increased  tiie  unstead¬ 
iness  of  the  flow  in  the  cases  of  small-  and  Wge-size  cavities 
(Figs.  3b  and  5b,  respectively).  This  is  evident  from  the  in¬ 


Fig.  6  Variation  of  pressure  coefficient  for  different  cavity  sizes 
without  and  with  injection. 


Fig.  7  Effect  of  injection  mass  on  pressure  coefficient. 


crease  in  the  number  of  main-flow  particles  (open  circles)  in 
the  cavity.  Very  few  main-flow  particles  enter  the  medium-size 
cavity  (Fig.  4b)  when  injection  is  introduced.  This  suggests 
that  mass  addition  has  a  stabilizing  effect  on  the  flow  in  the 
medium-size  cavity  and  a  destabilizing  effect  in  the  other  two 
cases.  The  particle  trajectories  also  reveal  that  the  mass  in¬ 
jected  from  the  three  jets  is  distributed  more  in  the  small-  and 
large-size  cavities  than  in  the  medium-size  one.  In  fact,  the 
three  jets  are  confined  to  the  outer  core  of  the  trapped  vortex 
(Fig.  4b),  and  only  particles  released  from  jet  C  are  entrained 
into  the  wake  behind  the  afterbody.  Based  on  these  calcula¬ 
tions,  one  might  intuitively  predict  the  scenario  for  the  com¬ 
busting  cases.  For  an  overall  equivalence  ratio  of  0.2,  the  in¬ 
creased  mixing  between  the  primary  jets  and  the  cavity  flow 
in  the  nonoptimum  cavities  could  locally  make  the  mixture 
fuel-lean.  When  the  cavity  becomes  unsteady,  one  might  ex¬ 
pect  significant  intermittent  burning,  which,  in  turn,  leads  to 
poor  combustion  efficiency.  In  the  medium-size-cavity  case, 
all  three  jets  are  transported  stably  around  the  cavity  vortex, 
which  enhances  the  mixing  of  jets.  As  the  fuel  and  air  are 
injected  at  a  primary  equivalence  ratio  of  4.4,  the  mixture  is 
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expected  to  bum  steadily  in  the  outer  core  of  the  cavity  vortex, 
and  combustion  would  occur  at  the  maximum  extent,  depend¬ 
ing  on  the  physical  dimensions  of  the  cavity  or  the  residence 
time.  The  experiments  of  Hsu  et  al*  clearly  demonstrated  these 
features  of  the  TV  combustor.  They  obtained  stable  and  intense 
burning  when  fuel  and  air  were  injected  into  the  medium-sized 
cavity  at  a  primary  equivalence  ratio  of  4.4. 

Flow  unsteadiness  in  combustors  not  only  causes  the  flames 
to  bum  inefficiently  but  also  increases  the  pressure  force  across 
the  combustor.  The  pressure  coefficient  Cp  is  calculated  using 
the  expression 

0) 

Here,  and  p  correspond  to  wail  and  freestream  pressures, 
respectively,  and  represents  the  number  of  wail  surfaces  in 
the  computational  domain.  The  calculated  as  a  function  of 
time  is  shown  in  Fig.  6  for  the  six  cases  discussed  earlier.  The 
solid  curves  of  this  figure  represent  die  pressure  coefficient  in 
the  absence  of  cavity  injection.  It  should  be  noted  from  the 


plot  that  the  small  cavity  has  the  lowest  However,  when 
injection  is  included,  the  pressure  coefficient  of  the  small  cav¬ 
ity  increases  slightly,  remains  at  the  same  higher  level  for  the 
large  cavity,  and  decreases  significantly  in  the  medium-size 
cavity.  In  fact,  the  medium  cavity  with  injection  has  the  lowest 
pressure  coefficient  among  the  six  cases  considered. 

Even  though  the  medium-size  cavity  with  injection  yielded 
the  lowest  Cp,  it  still  does  not  exhibit  a  perfectly  steady  flow 
pattern.  This  could  be  caused  by  either  insufficient  or  excess 
mass  injection  into  the  cavity.  For  understanding  the  effect  of 
mass  injection  on  flow  dynamics,  two  additional  calculations 
were  made  for  the  medium-size  cavity  with  injections  of  50 
and  180%  of  the  mass  used  in  the  calculations  shown  in  Fig. 
6.  The  pressure  coefficients  for  different  injection  cases  are 
plotted  in  Fig.  7.  These  calculations  suggest  that  1)  the  fre¬ 
quency  of  the  oscillations  decreases  with  injection  mass,  2)  the 
pressure  coefficient  for  180%  injection  becomes  nearly  steady, 
and  3)  the  pressure  coefficient  decreases  with  injection  mass. 

Figure  8  shows  the  differences  in  pressure-coefficient  fluc¬ 
tuations  with  air  and  propane  injections.  Here,  the  middle  jet 
( jet  B)  is  replaced  with  propane  fuel,  and  injection  mass  is  the 
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Fig,  10  Reacting  ilowfietds  obtained  for  different  main-flow  velocities.  In  each  plot  temperature  variation  between  300  K  (blue)  and  2000 
K  (red)  is  shown  with  rainbow  color  palette.  Instantaneous  and  thne-averaged  data  are  shown  In  upper  and  lower  halves,  respectively,  a) 
Medium-  and  b)  smali-sisse  cavity  flows  for  a  main-flow  velocity  of  40  m/s.  c)  Medium-  and  d)  small-size  cavity  flows  for  a  main-flow 
velocity  of  30  m/s.  e)  Medium-  and  f )  small-size  cavity  flows  for  a  main-flow  velocity  of  20  m/s. 
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same  as  that  in  Fig.  6.  The  density  variation  appears  to  have 
no  impact  on  the  medium-size  cavity;  in  the  small-size-cavity 
case,  however,  propane  injection  generates  slightly  higher  am¬ 
plitude  pressure  fluctuations.  The  effect  of  afterbody  thickness 
on  the  unsteady  flow  inside  and  around  the  cavity  was  studied 
by  simulating  the  flow  over  three  afterbody  thicknesses.  These 
calculations  were  performed  for  the  small-size  cavity  with  nor¬ 
mal  (100%)  air  injection.  Fluctuating  pressure  coefficients  as 
functions  of  time  are  plotted  in  Fig.  9.  While  Hx  represents  the 
thickness  of  the  standard  afterbody  (20  mm),  H2  and  H3  rep¬ 
resent  50  and  25%  of  the  thickness  of  the  standard  afterbody, 
respectively.  As  expected,  the  thinner  afterbodies  provided  bet¬ 
ter  communication  between  the  cavity  and  the  afterbody-wake 
flows.  This  resulted  in  increased  pressure  coefficients.  The 
larger-amplitude  fluctuations  for  the  thinner  afterbodies  sug¬ 
gest  increased  vortex  shedding  from  the  cavity. 

Effect  of  Combustion  on  Cavity  Flows 

For  investigating  the  vortex  characteristics  in  the  cavity  un¬ 
der  combusting-flow  conditions,  calculations,  were  made  for 
the  simulation  of  reacting  flow  in  the  combustor  described  pre¬ 
viously.  Hsu  et  ai.‘  found  that  this  combustor  operates  most 
stably  when  the’ cavity  size  is  at  the  optimum  value  (Fig.  4) 
and  when  the  primary  air  and  fuel  (propane)  are  injected  into 
the  cavity  at  an  equivalence  ratio  of  4.4.  Calculations  were 
made  for  this  fuel-rich  condition  using  the  341  X  101  grid 
system. 

The  instantaneous  and  time-averaged  temperature  fields 
computed  with  a  fast-chemistry  assumption  are  shown  in  the 
upper  and  lower  halves  of  Fig,  10a,  respectively.  In  pneral, 
the  center  fuel  jet  is  mixing  with  the  neighboring  aiijets  and 
burning  as  two  distinct  flames.  The  instantaneous-temperature 
field  suggests  that  the  flow  in  the  cavity  has  a  large  vortex 
generated  by  the  high-speed  annulus  airflow  and  several  small 
vortices  that  have  developed  primarily  from  the  interaction  of 
fuel  and  air  jets  injected  into  the  cavity.  Small  puffs  of  fuel 
are  penetrating  through  the  outer  airjet  periodically.  The  ex¬ 
istence  of  jet-like  flame  structures  in  the  time-averaged  tem¬ 
perature  field  in  Fig,  10a  indicates  that  the  large  cavity  vortex 
is  nearly  stable.  Note  that  for  this  cavity  size,  cold-flow  cal¬ 
culations  with  injection  also  yielded  a  nearly  stable  vortex 
within  the  cavity  (Fig.  4b). 

The  effect  of  cavity  size  on  combustion  was  studied  by  sim¬ 
ulating  the  reacting  flow  in  a  50%  smaller  cavity  and  by  main¬ 
taining  the  same  injection  velocities  for  the  fuel  and  aiijets  as 
those  used  for  the  optimum-size-cavity  calculations.  The  in¬ 
stantaneous  and  time-averaged  temperature  fields  are  shown  in 
Fig.  10b.  Interestingly,  the  combustion  is  still  confined  within 
the  cavity,  even  though  the  lengths  of  the  jet-like  flames  have 
been  reduced  by  nearly  one-half.  A  significant  amount  of  fuel 
is  escaping  from  the  cavity,  mixing  with  the  annulus  air,  and 
burning  without  raising  the  local  temperature  significantly  as 
the  mixture  becomes  very  fuel-lean.  As  the  cavity  vortex  be¬ 
comes  weaker  in  the  case  of  the  smaller-size  cavity  (Fig,  10b), 
the  flames  are  pushed  away  from  the  center  tube.  This  behavior 
is  also  seen  in  the  cold-flow  simulations  made  with  injection 
(Figs.  3b). 

Reacting-flow  calculations  were  also  made  for  different  an¬ 
nulus-airflow  velocities  on  the  optimum-size  and  smaller-size 
cavities.  Results  obtained  for  a  30-m/s  annulus  flow  are  shown 
in  Figs.  10c  and  lOd  for  the  two  cavity  sizes,  and  those  ob¬ 
tained  for  a  20-m/s  annulus  flow  are  shown  in  Figs.  lOe  and 
lOf.  As  expected,  the  strength  of  the  cavity  vortex  is  decreasing 
with  reduction  in  annulus  airflow.  Because  of  this  the  outer 
airjet  is  turning  back  around  the  afterbody  and  the  separation 
between  the  two  flame  jets  has  increased.  The  lower  annulus 
airflow  is  also  increasing  the  local  equivalence  ratio  outside 
the  cavity  which,  in  turn,  results  in  higher  temperatures  down¬ 
stream  of  the  afterbody.  This  behavior  was  also  experimentally 
observed  by  Hsu  et  al.^  In  addition,  for  lower  annulus  flows, 
the  shear-layer  vortices  are  becoming  more  organized. 


a)  40  and  b)  20  m/s. 

For  quantifying  the  unsteadiness  associated  with  the  com¬ 
busting  flows  shown  in  Fig.  10,  the  mean  and  rms  temperatures 
are  obtained  from  20,000  instantaneous  solutions  over  a  period 
of  120  ms.  Figures  11a  and  11b  show  the  radial  distributions 
of  these  temperatures  at  different  axial  locations  in  the  me¬ 
dium-sized  cavity  operating  at  annular-air  velocities  of  40  and 
20  m/s,  respectively.  The  three  axial  distances  in  the  cavity  z 
=  45,  60,  and  75  mm  correspond  to  locations  1)  near  the  fore- 
body,  2)  at  the  center  of  the  cavity,  and  3)  near  the  disk,  re¬ 
spectively.  As  expected,  the  rms  temperatures  in  the  20-m/s 
case  are  smaller  than  those  obtained  with  the  40-m/s  air  ve¬ 
locity.  Overall,  the  low  level  of  rms  (<500  K)  values  for  the 
temperature  fluctuations  noted  in  the  cavity  region  is  very  sim¬ 
ilar  to  that  observed  in  the  experiments.* 

Summary  and  Conclusions 

Unsteady  flow  inside  and  around  the  cavity,  in  general,  leads 
to  a  higher  drag  coefficient,  and  in  combustors  it  creates  further 
problems  related  to  blowout  and  poor  combustion  efficiency. 
It  is  known  that  the  unsteadiness  of  the  flow  can  be  reduced 
by  proper  cavity  design.  The  dynamics  of  the  vortices  formed 
inside  and  around  the  cavity  was  studied  using  a  time-depen¬ 
dent,  axisymmetric  CFDC  code.  The  geometry  used  in  ■  this 
study  was  an  axisymmetric,  centerbody  trapped-vortex  com¬ 
bustor  employed  by  Hsu  et  al.‘  A  large  number  of  grid  points 
with  z  and  r  0.5  mm  was  used  to  capture  the  vortical  struc¬ 
tures  having  length  scales  that  are  an  order  of  magnitude 
smaller  than  the  height  of  the  cavity.  Fluid  was  injected  into 
the  cavity  from  three  locations  at  different  flow  rates  to  inves¬ 
tigate  the  effects  of  fluid  injection  on  vortex  dynamics.  It  was 
found  that  the  optimum  cavity  size  for  obtaining  steady  flow 
inside  and  around  the  cavity  should  be  larger  in  the  case  of 
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fluid  injection  than  for  passive  cavities  (with  no  injection).  The 
flow  becomes  more  unsteady  when  the  fluid  is  injected  into 
nonoptimum  (larger  or  smaller  than  the  optimum)  cavities. 
Calculations  made  with  air  and  propane  injections  yielded  very 
similar  flow  patterns  and  pressure  coefficients.  On  the  other 
hand,  the  thickness  of  the  afterbody  seems  to  have  a  strong 
influence  on  the  flow  pattern.  Thinner  afterbodies  resulted  in 
higher  pressure  coefficients,  with  fluctuations  larger  than  those 
observed  with  the  thicker  afterbodies. 

Calculations  made  using  a  single-step  global-chemistry 
model  revealed  that  the  fuel  injected  into  the  cavity  mixes  with 
the  injected  air  and  bums  like  a  jet  flame.  It  was  found  that  a 
lesser  amount  of  fuel  is  burned  in  the  smaller-size  cavity  than 
in  the  optimum-size  one.  The  spilled-over  fuel  from  the  cavity 
mixes  with  the  annulus  airflow  and  results  in  fuel-lean 
mixtures.  As  the  local  mixture  becomes  less  fuel-lean  with  the 
reduced  annulus  flow,  the  temperature  downstream  of  the  fore¬ 
body  increases.  Future  calculations  will  be  made  for  these 
flows  employing  a  detailed-chemical-kinetics  model  for  pro¬ 
pane  combustion  to  investigate  the  flame-stability  character¬ 
istics  in  the  trapped-vortex  combustor. 
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Abstract 

Low-velocity  flows  in  the  cavities  of  a  combustor  can 
aid  in  establishing  stable  flames.  However,  unsteady 
flows  in  and  around  cavities  may  destabilize  these 
flames.  By  proper  cavity  design  it  is  possible  to  lock 
(trap)  the  vortices  spatially  and,  thereby,  stabilize  the 
flames.  The  spatially  locked  vortices  restrict  the 
entrainment  of  main  air  into  the  cavity.  For  obtaining 
good  performance  characteristics  with  a  trapped- 
vortex  combustor,  a  sufficient  amount  of  fuel  and  air 
must  be  injected  directly  into  the  cavity.  This  mass 
injection  can  alter  the  dynamic  characteristics  of  the 
flow  inside  and  around  the  cavity.  The  present 
numerical  study  investigates  the  vortex  dynamics  of  a 
cavity  in  to  which  fuel  and  air  are  directly  injected 
through  jets.  A  third-order-accurate,  time-dependent, 
Computational-Fluid-Dynamics-with-Chemistry  (CFDC) 
code  was  used  for  simulating  the  dynamic  reacting 
flows  associated  with  an  axisymmetric,  center-body 
trapped-vortex  combustor.  A  detailed  chemistry  model 
with  33  species  and  92  reversible  reactions  was 
incorporated  into  the  code  to  simulate  propane 
combustion.  An  opposing-jet  diffusion  flame  is 
simulated  under  different  strain  rates  for  validating  the 
CFDC  code.  It  is  found  that  the  incorporated  chemistry 
mechanism:  even  though,  yielding  sufficiently 
accurate  results  at  lower  strain  rates,  is  predicting  flame 
extinction  at  strain  rates  much  lower  than  those 
obtained  in  the  experiments.  Reacting  flows  simulated 
in  trapped-vortex  combustor  for  an  annular  velocity  of 
10  m/s  suggest  that  flame  extinguishes  first  in  the 
region  near  the  forebody  corner. 

Introduction 

Unsteady  flow  in  and  around  cavity-type  geometries 
occurs  in  a  variety  of  applications  such  as  slotted  wind 
tunnels,  slotted  flumes,  bellows-type  configurations, 

'Senior  Engineer,  Member  AIAA 
+Senior  Scientist,  Member  AIAA 

This  paper  is  declared  a  work  of  the  U.  S.  Government  and 
is  not  subjected  to  copyright  protection  in  the  United  States. 


and  aircraft-engine  and  airframe  components.  In 
particular,  the  unsteady  flow  in  aircraft  combustors 
restricts  fuel-lean  operation  and  degrades  flame- 
stability  characteristics.  Recently,  a  simple,  compact, 
and  efficient  method  of  using  cavities  to  stabilize 
combustion  was  proposed  by  Hsu  et  al.’  Since  this 
concept  uses  a  vortex  that  is  trapped  in  a  cavity  to 
stabilize  the  flame,  it  is  referred  as  the  Trapped-Vortex 
(TV)  concept.  Several  investigators  have  recognized 
the  aerodynamic  advantages  of  locking  the  vortices 
inside  and  around  the  cavity^"^  in  a  nonreacting  flow. 
Experiments  of  Rohsenow  et  aJ.^  have  shown  that 
when  two  circular  orifices  are  placed  in  series  in  a  pipe, 
a  large  recovery  of  pressure  occurs  across  the  second 
orifice  in  certain  circumstances;  hence,  the  overall 
pressure  drop  is  considerably  less  for  the  two  orifices 
than  for  a  single  one  having  the  same  flow.  In  ribbed 
diffusers,  Migay^  found  that  balancing  the  fluid 
removed  by  entrainment  and  the  fluid  entering  the 
cavity  by  reversed  flow  ensures  that  the  flow  outside 
the  cavities  will  follow  the  ribs  fairly  closely,  and  a  good 
pressure  recovery  will  be  achieved.  Mair^  showed  that 
by  mounting  a  disk  behind  the  base  of  a  blunt  body, 
the  drag  of  the  blunt  object  can  be  reduced.  Using 
similar  concepts,  Roshko  and  Koenig®  reported  a 
reduction  in  drag  of  blunt  forebodies  when  disks  were 
placed  on  spindles  ahead  of  the  bodies. 

Little  and  Whipkey®  conducted  extensive 
investigations  on  the  dynamic  nature  of  flows  over 
bluff  bodies  using  smoke-flow-visualization  and  laser- 
velocimetry  techniques.  Because  of  the  limitations  of 
the  smoke  tunnel,  they  employed  reduced  flow 
conditions  (~  0.3  m/s)  and  half-scale  geometries  for 
the  flow-visualization  studies  and  full-scale  geometries 
and  turbulent  flows  (-  30  m/s)  for  the  time-averaged 
drag  measurements.  Based  on  these  reduced  and 
full-scale  experiments,  they  correlated  the  afterbody 
drag  and  the  motion  of  the  vortex  in  the  wake  region 
and  postulated  that  a  minimum-drag  condition  is 
established  when  the  wake  vortices  are  locked 
between  two  disks  mounted  in  series  on  a  spindle. 
They  also  suggested  that  the  cavity  formed  between 
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the  disk  and  the  bluff  body  should  be  of  such 
dimensions  that  the  locked  vortex  would  effectively  fill 
the  cavity.  Based  on  reduced-scale  flow-visualization 
experiments  on  cavities  formed  between  a  forebody 
and  an  afterbody,  Little  and  Whipkey®  correlated  the 
drag  and  motion  of  the  vortex  in  the  cavity  region  and 
postulated  that  a  minimum-drag  condition  is 
estabiished  when  the  cavity  vortices  are  locked 
between  the  two  bodies.  Recently,  Katta  and 
Roquemore^'®  used  direct  numerical  simulations  to 
investigate  the  Little  and  Whipkey  experiments  under 
turbulent-flow  conditions.  The  simulations 
successfully  predicted  that  a  cavity  having  a  length-to- 
diameter  ratio  of  0.45  becomes  stationary  and  that  the 
pressure-drag  coefficient  is  reduced  to  a  minimum 
value  when  the  vortices  are  locked  inside  and  around 
the  cavity.  This  suggests  that  the  relationship 
between  the  minimum  drag  coefficient  and  the  vortex 
motion  is  also  valid  in  the  case  of  turbulent  flows. 
These  simulations  demonstrated  the  capability  of 
numerical  simulations  in  the  study  of  the  dynamic 
processes  associated  with  cavities. 

Two  major  differences  exist  between  flows 
associated  with  airframe  cavities  and  those  associated 
with  the  combustor  cavities.  First,  the  heat  release  and 
higher  viscosity  of  the  combustion  products 
associated  with  the  partial  burning  that  takes  place  in 
the  cavities  could  alter  the  vortex  dynamics.  As  a 
result,  the  criterion  for  trapping  a  vortex  in  a  heated 
flow  would  differ  from  that  for  trapping  a  vortex  in  a  cold 
flow.  Secondly,  it  is  known  that  a  locked  vortex 
entrains  a  minimum  amount  of  fluid  from  the  main  flow; 
hence,  to  achieve  continuous  combustion  in  trapped- 
vortex  combustors,  fuel  and  air  must  be  directly  fed 
into  the  cavity.  Experimental  investigations  of  Hsu  et 
al.'  also  indicate  that  a  trapped-vortex  combustor 
operates  most  efficiently  when  fuel  and  air  are  injected 
directly  into  the  cavity.  However,  direct  injection  of 
mass  (air  and/dr  fuel)  into  the  cavity  could  alter  the 
geometrical  criterion  derived  for  locking  vortices  inside 
passive  cavities  (i.e.,  without  injection). 

The  purpose  of  this  study  was  to  investigate  the 
dynamics  of  reacting  flows  in  the  trapped-vortex 
combustor  as  fuel  and  air  jets  are  directly  injected  into 
the  cavity.  A  third-order-accurate,  time-dependent. 
Computational  Fluid  Dynamics  with  Chemistry  (CFDC) 
code  and  a  large  number  of  grid  points  were  used  to 
investigate  the  these  flowfields. 

Modeling 

A  time-dependent,  axisymmetric  mathematical 
model  that  solves  for  axial-  and  radial-momentum 
equations,  continuity,  and  enthalpy-  and  species- 


conservation  equations  in  cylindrical-coordinate 
system  is  used  to  simulate  the  unsteady  flows  inside  a 
trapped-vortex  combustor.  The  pressure  field  at  every 
time  step  is  determined  from  pressure  Poisson 
equations.  Even  though  the  governing  equations  are 
solved  in  an  uncoupled  manner,  the  species- 
conservation  equations  are  coupled  through  the 
source  terms  during  the  solution  process  to  improve 
the  stability  of  the  algorithm.  Such  coupling  is 
essential  in  finite-rate-chemistry  calculations  since  the 
high-reaction-rate  terms  make  the  species- 
conservation  equations  quite  stiff.  Temperature-  and 
species-dependent  thermodynamic  and  transport 
properties  are  used  in  this  formulation. 

The  governing  equations  for  axial  and  radial 
momentum  are  integrated  using  an  implicit  QUICKEST 
(Quadratic  Upstream  Interpolation  for  Convective 
Kinematics  with  Estimated  Streaming  Terms) 
numerical  scheme,®’’®  which  is  third-order  accurate  in 
both  space  and  time  and  has  a  very  low  numerical- 
diffusion  error.  On  the  other  hand,  the  finite- 
difference  form  of  the  species  and  enthalpy  is 
obtained  using  the  hybrid  scheme"  with  upwind  and 
central  differencing.  An  orthogonal,  staggered-grid 
system  with  rapidly  varying  cell  sizes  in  both  the  axial 
(z)  and  the  radial  (r)  directions  is  utilized  for  discretizing 
the  governing  equations.  The  algebraic  equations  for 
Ns+2  variables  (N^  -1  species,  u  and  v)  are  solved 
individually  using  an  iterative  ADI  (Alternative  Direction 
Implicit)  technique.  The  pressure-field  at  every  time 
step  is  accurately  calculated  by  solving  the  algebraic- 
pressure-Poisson  equations  at  all  grid  points  simulta¬ 
neously  using  the  LU  (Lower-Upper)  decomposition 
technique. 

A  detailed  chemical-kinetics  model’®  that  consists  of 
33  species  (CsHg,  Oj.  CH4,  CH3,  CH^,  CH,  CH2O,  CHO, 
CO2,  CO,  H2.  H,  O,  OH,  H2O.  HO2,  H202,  C2H,  C2H2, 
C2H3,  C2H4,  C2H5,  CaHs,  CHCO,  CgHa,  C3H4,  CaHj.  C3H6, 
iC3H7,  nC3Hr,  CH2OH,  CH3OH,  and  hy  and  92 
reversible  elementary  reactions  is  used.  The  details  of 
the  reactions  are  given  in  Table  1.  This  mechanism  is 
obtained  by  extending  the  one  recommended  of 
Peters’  by  1)  including  all  the  backward  reactions  and 
2)  including  the  last  five  reactions  (R88-R92)  to 
improve  the  ignition  characteristics  at  lower 
temperatures. 

The  enthalpies  of  all  the  species  are  calculated  from 
the  polynomial  curve  fits  developed  for  the 
temperature  range  300  -  5000  K.  Physical  properties 
such  as  viscosity,  thermal  conductivity,  and  the  binary 
molecular  diffusion  coefficients  of  the  species  are 
calculated  using  molecular  dynamics.  Mixture  viscosity 
and  thermal  conductivity  are  then  estimated  using  the 
Wilke  and  the  Kee  expressions,’®  respectively. 
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Table  1 .  Modified  Peters  Mechanism  for  Propane  Combustion 


Reaction 

Ak  (Mole, 
cm^,s) 

a 

E  (cal/ 
mole) 

R01  H  +  02<=>0H  +  0 

2.00E+14 

0.0 

16,800 

R02  0  +  Hj<=>0H  +  H 

5.06E+04 

2.67 

6,280 

R03  I-Ij  +  0H<=>H20  +  H 

1.00E+08 

1.60 

3,300 

R04  0H+0H<=>0  +  Hj0 

1.50E+09 

1.14 

100 

R05  Oj  +  H  +  M<=>HOj  +  M 

2.30E+18 

-0.8 

0 

R06  HOj  +  H<=>OH  +  OH 

1.50E+14 

0.0 

1,000 

R07  H02  +  H<=>Hj  +  0j 

2.50E+13 

0.0 

692 

R08  H02  +  0H<=>H20  +  02 

6.00  E+ 13 

0.0 

0 

R09  H02  +  H<=>H20  +  0 

3.00E+13 

0.0 

1,720 

R10  H02  +  0<=>OH  +  Oj 

1.80E+13 

0.0 

-406 

R11  HOj  +  HOj<=>HA  +  02 

2.50E+11 

0.0 

-1,240 

R12  OH+OH  +  M<=>HjO,  +  M 

3.25  E+22 

-2.0 

0 

R13  H202  +  H<=>HP  +  0H 

1.00E+13 

0.0 

3,580 

R14  HA  +  OH<=>HjO  +  H02 

5.40E+12 

0.0 

1,000 

R15  H  +  H  +  M<=>H2  +  M 

1.80E+13 

-1.0 

0 

R16  H  +  0H  +  M<=>H20  +  M 

2,20E+22 

-2.0 

0 

R17  0  +  0  +  M<=>02  +  M 

2.90E+17 

-1.0 

0 

R18  CO  +0H<=>C02  +  H 

4.40E+06 

1.5 

-740 

R19  CH  +  02<=>CH0  +  0 

3.00E+13 

0.0 

0 

R20  C02  +  CH<=>CH0  +  C0 

3.40E+12 

0.0 

692 

R21  CHO  +  H<=>CO +H2 

2.00E+14 

0.0 

0 

R22  CHO  +  OH  <=>  CO  +  HjO 

1.00E+14 

0.0 

0 

R23  CH0  +  02<=>C0  +  H02 

3.00E+12 

0.0 

0 

R24  CHO  +  M<=>CO  +H  +  M 

7.10E+14 

0.0 

16,800 

R25  CHj  +  H  <=>  CH  +  Hj 

8.40E+09 

1.5 

335 

R26  CH2  +  0<=>CO  +  H  +  H 

8.00E+13 

0.0 

0 

R27  CHj  +  02<=>C0  +  0H  +  H 

6.50E+12 

0.0 

1,500 

R28  CH2  +  02<=>C02  +  H  +  H 

6.50E+12 

0.0 

1,500 

R29  CH20  +  H<=>CH0  +  H2 

2.50E+13 

0.0 

3,990 

R30  CHjO  +  0  <=>  CHO  +  OH 

3.50E+13 

0.0 

3,490 

R31  CHjO  +  OH  <=>  CHO  +  HjO 

3.00E+13 

0.0 

1,200 

R32  CH20  +  M<=>CH0  +  H+M 

1.40E+17 

0.0 

76,500 

R33  CH3  +  H<=>CH2  +  H2 

1.80E+14 

0.0 

15,050 

R34  CH3  +  H<=>CH,  K„ 

6.00E+16 

-1.0 

0 

K, 

6.26E+23 

-1.8 

0 

R35  CH3  +  0<=>CHj0  +  H 

7.00E+13 

0.0 

0 

R36  CH3  +  CH3<=>C2He 

3.61  E+13 

0.0 

0 

K„ 

1.27E+41 

-7.0 

2,762 

R37  CH3  +  03<=>CHjO  +  OH 

3.40E+11 

0.0 

8,940 

R38  CH3  +  H<=>CH3+Hj 

2.20E+04 

3.0 

8,740 

R39  CH3  +  0<=>CH3  +  0H 

1.20E+07 

2.1 

7,620 

R40  CHj  +  OH  <=>  CH3  +  HjO 

1.60E+06 

2.1 

2,460 

R41  C2H  +  H2<=>C2H2  +  H 

1.10E+13 

0.0 

2,867 

R42  C2H  +  02<=>CHC0-f0 

5.00E+13 

0.0 

1,505 

R43  CHCO  +  H<=>CH2  +  CO 

3.00E+13 

0.0 

0 

R44  CHC0  +  0<=>C0  +  C0+H 

1.00E+14 

0.0 

0 

R45  C2H2  +  0<=>CH2  +  CO 

4.10E+08 

1.5 

1,696 

R46  C2H2  +  0  <=:>  CHCO  +  H 

4.30E+14 

0.0 

12,112 

R47  C2H2  +  OH  <=>  CjH  +  H2O 

1.00E+13 

0.0 

7,000 

R48  C2H2  +  CH<=>C3H3 

2.10E+14 

0.0 

-120 

R49  C2H3  +  H<=>C2H2  +  H2 

3.00E+13 

0.0 

0 

R50  C2H3  +  Oj  <=>  C2H2  +  HO2 

5.40E+11 

0.0 

0 

R51  C2H3<=>C2H2  +  H 

2.00E+14 

0.0 

39,717 

Ko 

1.19E+42 

-7,5 

45,486 

R52  C2H3  +  H<=>C2H3  +  H2 

1.50E+14 

0.0 

10,201 

R53  C2H3+0<=>CH3  +  C0  +  H 

1.60E+09 

1.2 

741 

R54  C2H2  +  0H<=>C2H3  +  H20 

3.00E+13 

0.0 

3,010 

R55  C2H3  +  M  <=>  C2i^  +  Hj +M 

2.50E+17 

0.0 

76,400 

R56  C2H5  +  H<=>CH3  +  CH3 

3.00E+13 

0.0 

0.0 

R57  C2H5  +  02<=>C2H4  +  H02 

2.00E+12 

0.0 

4,993 

R58  C2H3<=>C2H4  +  H 

2.00E+13 

0.0 

39,657 

K„ 

1.00E+17 

0.0 

31,057 

R59  C2He  +  H<=>C2H5  +  H2 

5.40E+02 

3.5 

5,208 

R60  C2Hs  +  0<=>C2H5  +  0H 

3.00E+07 

2.0 

5,112 

R61  C^H6  +  0H<=>'C2Hs  +  H20 

6.30E+06 

2.0 

645 

R62  C3H3  +  02<=>CHC0  +  CH20 

6.00E+12 

0.0 

0 

R63  C3H3  +  0<=>C2H3  +  C0 

3.80E+13 

0.0 

0 

R64  C3H4  <=>C3H3  +  H 

5.00E+14 

0.0 

88,393 

R65  C3H4  +  0<=>C2H2  +  CH20 

1.00E+12 

0.0 

0 

R66  C3H4  +  0  <=>  C2H3  +  CHO 

1.00E+12 

0.0 

0 

R67  C3H4  +  0H<=>C2H3  +  CH20 

1.00E+12 

0.0 

0 

R68  C3H4  +  0H<=>C2H4  +  CH0 

1,00E+12 

0.0 

0 

R69  C3Hs<=>C3H4  +  H 

3.98E+13 

0.0 

70,022 

R70  C3H5+H<=>C3H4  +  H2 

1.00E+13 

0.0 

0 

R71  C3Hs<=>C2H3  +  CH3 

3.15E+15 

0.0 

85,837 

R72  C3H6+H<=>C3H5  +  H2 

5.00E+12 

0.0 

1,505 

R73  nC3H2<=>C2H4  +  CH3 

9.60E+13 

0.0 

31,009 

R74  nC3H2<=>C3H3+H 

1.25E+14 

0.0 

37,006 

R75  iC3H2<=>C2H4  +  CH3 

6.30E+13 

0.0 

36,910 

R76  iC3H2  +  02<=>C3H6  +  H02 

1.00E+12 

0.0 

4,993 

R77  C3H3  +  H<=>nC3H2  +  H2 

1.30E+14 

0.0 

9,699 

R78  C3H3  +  H<=>iC3H2  +  H2 

1.00E+14 

0.0 

8,338 

R79  C3H8  +  0<=>nC3H2  +  0H 

3.00E+13 

0.0 

5.758 

R80  C3H8  +  0<=>iC3H2  +  OH 

2.60E+13 

0.0 

4,467 

R81  C3Hs  +  0H<=>nC3H2  +  H20 

3.70E+12 

0,0 

1,648 

R82  C3Ha  +  0H<=>iC3H2+H20 

2.80E+12 

0.0 

860 

R83  CH20H  +  H<=>CH20+H2 

3.00E+13 

0.0 

0 

R84  CH2OH  +  0,  <=>  CHjO  +  HO; 

1.00E+13 

0.0 

7,191 

R85  CHjOH  +M  <=>  CHjO+H+M 

1.00E+14 

0.0 

25,108 

R86  CH30H  +  H<=>CH20H  +  H2 

4.00E+13 

0.0 

6,092 

R87  CH30H+0H<=> 

1.00E+13 

0.0 

1,696 

CH2OH+H2O 

R88  nCjHj  +  H  +  M  <=>  C3H8  +  M 

3.60E+13 

0.0 

0 

R89  iC3H2  +  H  +  M<=>C3H8+M 

2.40E+13 

0.0 

0 

R90  C3H8  +  02<=>nC3H2+H02 

3.98E+13 

0.0 

50,910 

R91  C3H8  +  02<=>iC3H2  +  H02 

3.98E+13 

0.0 

47,565 

R92  C3H8  <=>  CjHs  +  CH3 

7.90E+22 

-1.8 

88,632 
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Molecular  diffusion  is  assumed  to  be  of  the  binary 
type,  and  the  diffusion  velocity  of  a  species  is 
calculated  according  to  Pick's  law  and  using  the 
effective-diffusion  coefficient  of  that  species.  The 
Leonard  Jones  potentials,  the  effective  temperatures, 
and  the  coefficients  for  the  enthalpy  polynomials  for 
each  species  are  obtained  from  the  CHEMKIN 
libraries. 

Flat  velocity  profiles  are  used  at  the  main  and  primary 
inflow  boundaries.  A  simple  extrapolation  procedure'^ 
with  weighted  zero-  and  first-order  terms  is  employed 
to  estimate  the  flow  variables  at  the  outflow  boundary. 
The  usual  no-slip,  adiabatic,  and  chemically  inert 
boundary  conditions  are  applied  at  the  walls. 

The  simulations  presented  here  were  performed  on 
a  Pentium  Pro  300-MHz-based  Personal  Computer 
with  128  MB  of  memory.  Typical  execution  times  using 
a  grid  system  of  301x121  is  -170  s/time  step.  Stable 
flames  are  usually  obtained  in  about  5000  time  steps 
(which  corresponds  to  approximately  60-ms  real  time), 
starting  from  the  solution  obtained  with  a  global- 
chemistry  modei.’’'®  It  is  interesting  to  note  that  a 
detaiied  time-dependent  simulation  using  33  species 
and  184  elementary  reactions  (finite-rate  chemistry 
model  for  propane  fuel)  for  dynamic  flows  in  a  research 
combustor  can  be  made  on  a  personal  computer  in  < 
240  h. 

Results  and  Discussion 

Simulation  of  Qpposina-Jet  Diffusion  Flames 

The  CFDC  model  developed  for  the 
simulation  of  a  time-dependent  propane  flames  in  a 
combustor  was  first  tested  for  the  prediction  of  a 
counterflow  jet  diffusion  flame.  The  burner  assembly 
used  for  this  study  consists  of  two  nozzles  with  14-mm 
exit  diameters  spaced  13  mm  apart.  The  fuel  and 
oxidizer  jets  emanating  from  the  nozzles  were  made  to 
impinge  on  each  other.  Outer  nitrogen  co-flows  were 
used  to  isolate  and  stabilize  the  flame.  The  fuel  and 
oxidizer  streams  consisted  of  pure  propane  and  air, 
respectively.  Several  calculations  were  made  for 
different  exit  velocities,  and  the  results  were 
compared  to  the  measurements.  A  typical  flame 
computed  using  the  axisymmetric  code  for  an  exit 
velocity  of  1.5  m/s  is  shown  in  Fig.  1  in  the  form  of 
velocity  vectors  superimposed  over  the  iso-OH 
contours  on  the  left  side  and  over  the  iso-temperature 
contours  on  the  right  side.  Fuel  flowing  from  the 
bottom  nozzle  (z  =  0)  reacts  with  the  oxidizer  flowing 
from  the  top  (z  =  13  mm)  and  yields  a  steady  laminar 
flame  on  the  oxidizer  side  of  the  stagnation  plane 
(zero  axial  velocity  plane,  z  -  7.3  mm).  The  flame 


surface  may  be  identified  from  the  maximum- 
temperature  (1600  K)  contour  passing  through  z  - 
7.8-mm  plane  in  Fig.  1.  Note  that  the  flame  is  slightly 
curved  toward  the  air  jet. 

The  flame  structure  at  the  stagnation  line  is  shown  in 
the  form  of  distributions  of  velocity,  velocity  gradient 
and  temperature  in  Fig.  2.  While  the  distributions  of 
major  species  are  shown  in  Fig.  3,  those  of  some 
minor  species  are  shown  in  Figs.  4  and  5^  The  flame 
structure  shown  in  Figs.  2  -  5  is  not  compared  with  the 
experimental  one  because  of  the  lack  of  quantitative 
data  published  with  respect  to  jet  velocities. 
Traditionally,  experimental  data  on  one-dimensional 
flames  are  reported  in  terms  of  strain  rate  to  facilitate 
validation  of  results  obtained  with  asymptotic-models 
which  use  strain  rate  as  a  parameter.  As  the  actual 
local  strain  rate  along  the  stagnation  line  varies 
significantly  within  the  flame  zone,  such  data  could  not 
be  used  to  compare  with  the  results  obtained  from  the 
direct  simulation  of  opposing-jet  flames.  Nevertheless, 
the  flame  structure  shown  in  Figs.  2-5  is  qualitatively 
similar  to  that  of  atypical  opposing-jet  diffusion  flame.'® 

An  opposing-jet  flame  is  usually  characterized  by 
the  air-side  strain  rate  (a),  which  may  be  obtained  by 
calculating  the  maximum  velocity  gradient  on  the  air 
side  of  the  flame.'®  The  400-s  '  strain  rate  of  the 
steady-state  flame  in  Fig.  1  represents  that  of  a  highly 
strained  flame.  Figure  3  indicates  that  oxygen  is  not 
completely  burned  in  the  flame  zone  and  small  amount 
of  oxygen  is  leaking  through  the  flame  surface. 

Results  in  the  form  of  centerline  flame  temperature 
Vs  air-side  strain  rate  obtained  using  different  jet 
velocities  are  shown  in  Fig.  6.  As  expected  flame 
temperature  decreases  with  strain  rate  and  extinction 
occurs  when  strain  rate  increases  above  400  s’’.  This 
extinction  strain  rate  seems  to  be  much  lower  than  that 
obtained  in  the  experiments  (-  880  s’’)  and  it  could  be 
related  to  the  limitations  of  the  chemistry  model  (Table 
1)  used  in  the  present  study. 

Simulation  of  Reacting  Flows  in  Traoped-Vortex 
Combustor 

The  geometry  chosen  for  the  present  study  is 
similar  to  that  of  the  trapped-vortex  combustor 
designed  by  Hsu  et  al.'  and  to  that  used  by  Little  and 
Whipkey®  in  their  cold-flow  experimental  investigations 
on  locked  vortices.  It  consists  of  a  70-mm-diameter  flat 
cylindrical  forebody  enclosed  in  an  annular  cylindrical 
tube  having  an  80-mm  inner  diameter.  An.  afterbody 
disk  having  diameter  and  thickness  of  50.8  and  20 
mm,  respectively,  is  attached  to  the  forebody  using  a 
9-mm-diameter  center  body.  The  size  of  the  cavity 
formed  between  the  forebody  and  the  afterbody  is 
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varied  by  moving  the  latter  toward  or  away  from  the 
former.  Airflow  over  this  body  develops  vortices  inside 
the  cavity  and  behind  the  afterbody;  normally  these 
vortices  shed,  and  the  flow  becomes  dynamic  in 
nature.  The  velocity  of  the  air  in  the  annular  gap 
between  the  forebody  and  the  surrounding  tube  is 
varied  between  10  and  40  m/s.  Primary  air  and  fuel 
(propane)  ate  injected  into  the  cavity  from  the 
afterbody.  Fuel  and  air  are  carried  to  the  afterbody 
through  a  central  tube  that  connects  the  afterbody  to 
the  forebody.  The  geometry  and  the  301X121  grid 
system  used  are  shown  in  Fig.  7.  Variation  of  the  grid 
spacing  was  adopted  in  both  the  axial  (z)  and  radial  (r) 
directions  to  cluster  the  grid  points  in  the  cavity  and 
near  the  walls. 

In  the  experiments  of  Hsu  et  al.,’  fuel  and  air  were 
introduced  into  the  cavity  from  concentric  holes  on  the 
afterbody.  However,  in  the  present  axisymmetric 
simulations,  these  injection  holes  are  grouped  into 
three  annular  ring  jets  with  the  fuel  jet  sandwiched 
between  the  air  jets.  Based  on  the  hole  size  and  mean 
distance  from  the  centerline,  the  reconstructed 
annular  jets  of  1 .5-mm  thickness  are  located  in  the 
afterbody,  as  shown  in  Fig.  7.  The  centers  of  these 
three  annular  jets  (A,  B,  and  C)  are  located  11,  14,  and 
19  mm  from  the  axis  of  symmetry,  respectively.  While 
Jets  A  and  C  represent  that  of  air.  Jet  B  represents 
that  of  propane  fuel.  Exit  velocities  for  Jets  A,  B,  and  C 
are  5.0,  2.5,  and  5.0  m/s,  respectively.  This  injection 
of  fuel  and  air  results  in  global  (or  overall)  equivalence 
ratios  of  0.57  and  0.3  in  the  combustor  for  the  annular- 
air  velocities  of  10  and  20  m/s,  respectively.  The 
primary  equivalence  ratio  in  the  cavity  (defined  as  the 
fuel-to-air  ratio  injected  into  the  cavity  relative  to  the 
ratio  required  for  stoichiometric  combustion)  is  -  5.4. 

The  instantaneous  results  obtained  with  a  global- 
chemistry  (one-step  reaction  modeF®)  are  shown  in 
Figs.  8  and  9  for  annular  air  velocities  of  1 0  and  20  m/s, 
respectively.  Velocity  field  and  temperature  are  shown 
in  Figs.  8(a)  and  9(a)  in  the  upper  and  lower  halves, 
respectively.  In  general,  the  center  fuel  jet  is  mixing 
with  the  neighboring  air  jets  and  burning  as  two 
distinct  flames.  The  instantaneous-temperature  field 
suggests  that  the  flow  in  the  cavity  has  a  large  vortex 
generated  by  the  high-speed  annulus  air  flow  and 
several  small  vortices  that  have  developed  primarily 
from  the  interaction  of  fuel  and  air  jets  injected  into  the 


cavity. 

The  scalar  dissipation  rate  (x)  associated  with  these 
flows  is  calculated  using  the  following  expression; 


Here,  mixture  fraction  (^  is  defined  as  the  fraction  of 
the  mass  at  any  location  that  is  originated  from  the  fuel 
jet  and  is  calculated  from  the  following  expression 

i  =  V.  +X.q»,  +Xc,„. 

+^CTCo)+3  (-^^4  +^Cff3  +^CAr,  ‘^^CH 

Here,  X,  represents  the  mole  fraction  of  i'*'  species.  The 
mixture  fraction  used  in  the  above  equation  is  a 
conserved  scalar  describing  the  state  of  mixing 
between  the  fuel  and  oxidizer.  One  might  notice  a 
great  variation  in  the  choice  of  conserved  scalars  in  the 
literature. 

The  distributions  of  mixture  fraction  and  scalar 
dissipation  rate  for  the  10-m/s  and  20-m/s  cases  are 
shown  in  Figs.  8(b)  and  9(b),  respectively.  The  higher 
annuls  velocity  in  the  latter  case  is  generating  more 
fluctuations  in  the  cavity  flow  as  noted  from  the  scalar- 
dissipation-rate  plots.  The  concentrations  of  fuel  and 
oxygen  are  shown  in  Figs.  8(c)  for  10-nn/s  case  and 
those  for  20-m/s  case  are  shown  in  Fig.  9(c). 

Using  the  solutions  shown  in  Figs.  8  and  9  as  initial 
flows,  calculations  with  finite-rate  chemistry  are  made 
for  the  10  m/s  and  20  m/s  annular-alr-flow  cases. 
Surprisingly,  calculations  made  for  the  latter  case 
initiated  flame  extinction  in  the  neighborhood  of  the 
injection-jet  bases  and  quickly  the  entire  flame  got 
extinguished.  Results  obtained  for  the  10-m/s  case  at 
two  instants  are  shown  in  Figs.  10  and  11.  In  general, 
the  flame  predicted  by  the  global-chemistry  model  in 
the  shear  layer  between  the  annular  and  cavity  flows 
near  the  forebody  is  extinguished  in  the  finite-rate- 
chemistry  calculations.  The  OH  seems  to  form  in  thin 
regions  in  the  cavity. 

Summary 

Unsteady  flow  inside  and  around  the  cavity,  in 
general,  leads  to  a  higher  drag  coefficient  and  in 
combustors  creates  further  problems  related  to 
blowout  and  poor  combustion  efficiency.  It  is  known 
that  the  unsteadiness  of  the  flow  can  be  reduced  by 
proper  cavity  design.  The  dynamics  of  the  vortices 
formed  inside  and  around  the  cavity  was  studied  using 
a  time-dependent,  axisymmetric  CFDC  code.  The 
geometry  used  in  this  study  was  an  axisymmetric, 
center-body  trapped-vortex  combustor  employed  by 
Hsu  et  al.  A  large  number  of  grid  points  with  z  and  r 
-  0.25  mm  was  used  to  capture  the  vortical  structures 
having  length  scales  that  are  an  order  of  magnitude 
smaller  than  the  height  of  the  cavity.  Fuel  and  air  were 


injected  into  the  cavity  from  three  locations.  A 
detailed-chemical-kinetics  model  involving  33  species 
and  92  reversible  reactions  for  propane  combustion  is 
used  to  investigate  the  flame-stability  characteristics.  It 
was  found  that  this  chemistry  model  was  not  sufficient 
to  yield  stable  combustion  for  the  velocity  conditions 
at  which  experiments  have  provided  stable 
combustion.  However,  at  a  lower  annular  velocity  ( i.  e., 
at  10  m/s)  the  detailed-chemistry  calculations  resulted 
in  stable  flames  similar  to  those  observed  in  the 
experiments  and  are  also  similar  to  the  ones  obtained 
using  a  global-chemistry  model. 
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Fig.  2.  Temperature  and  velocity  along  stagnation  line. 
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4.1.5  Pulse  Detonation  Waves 


One  of  the  primary  concerns  in  the  design  of  pulse  detonation  engines  (PDEs)  is 
successful  transmission  of  the  detonation  wave  from  a  narrow  predetonation  chamber  to  a 
large  main  chamber.  This  problem  was  investigated  and  the  results  reported  in  a  paper 
entitled  “Numerical  Studies  on  Cellular  Detonation  Wave  Subjected  to  Sudden 
Expansion”  (see  pp.  982-985). 
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Abstract 

One  of  the  primary  concerns  in  the  design  of  PDFs  is  that  a  successful  transmission  of  detonation  wave  from  a 
narrow  pre-detonation  chamber  to  a  large  main  chamber.  This  problem  is  investigated  in  the  present  paper  by 
simulating  the  fete  of  a  two-dimensional  detonation  wave  when  it  is  subjected  to  a  sudden  expansion.  It  is  found 
that  the  reflection  of  transverse  waves  at  the  walls  and  their  collision  within  the  chamber  are  critical  in  sustaining  a 
detonation  wave  in  a  wider  channel.  Results  obtained  for  both  successful  and  unsuccessful  transitions  are  presented 
and  the  role  of  transverse  waves  is  discussed. 

Introduction 


Pulse  Detonation  Engines  (PDEs)  operate  at  a  higher  thermal  efficiency  than  the  conventional  constant  pressure 
combustion  engines.  PDEs  also  provide  a  very  high  specific  impulse  thrust  at  operating  fiequencies  of  a  few 
hundred  Hz.  They  can  be  designed  without  the  use  of  any  rotating  machinery  or  valves  in  the  flow  path.  However, 
the  design  and  operation  of  the  PDEs  is  complicated  by  the  unsteady,  high-speed,  pulsed  combustion.  In  order  to 
reduce  the  deflagration-to-detonation  transition  time,  it  is  generally  accepted  that  the  combustible  mixture  in  the 
main  chamber  needs  to  be  ignited  using  detonation  wave  that  was  generated  in  a  much-smaller,  pre-detonation 
chamber.  One  of  the  primary  concerns  in  the  design  of  PDEs  is  that  a  successful  transmission  of  detonation  wave 
from  pre-detonation  chamber  to  main  chamber.  This  problem  is  investigated  in  the  present  paper  using  numerical 
techniques. 

The  detailed  cellular  structure  of  gaseous  detonations  has  been  studied  using  experimental  techniques  in  1960’s. 
However,  only  in  the  late  70’s  Taki  and  Fujiwara  [1]  and  later  Oran  et  al.  [2]  were  able  to  simulate  the  cellular 
detonation  structure  for  the  two-dimensional  case  numerically.  The  cellular  structure  was  established  in  their 
numerical  computations  by  subjecting  a  one-dimensional  ZND  (Zeldovich,  von  Neumann,  and  Doring)  wave  to  a 
large  perturbation  (by  providing  inhomogeneous  region  with  different  chemical  properties).  Once  disturbed,  the  two- 
dimensional  cellular  structure  develops  naturally  and  it  was  found  that  the  cell  size  is  independent  of  the  strength 
and  the  number  of  perturbations.  In  other  words,  cells  can  be  newly  generated  when  fewer  than  initial  perturbations 
are  provided,  and  if  more  than  the  stable  number  of  cells  are  generated  initially  from  the  perturbations,  some  will 
get  attenuated  and  eventually  vanish  to  give  the  same  stable  number  of  cells.  Thus,  the  number  of  cells  in  a  cellular 
detonation  wave  is  a  consequence  of  the  chemistry  of  the  problem  which  is  characterized  by  the  reaction  zone  length 
scale  for  the  ZND  wave.  The  cell  size  is  also  found  to  be  independent  of  the  channel  width,  suggesting  that 
doubling  the  channel  width  gives  twice  the  number  of  cells  across  the  width  of  the  channel. 

An  important  concern  in  using  cellular  detonation  wave  as  a  source  for  the  burning  of  the  reactants  stems  from 
the  stability  of  the  cellular  detonation  wave.  Experimentally  it  was  found  that  the  stability  of  the  detonation  wave 
increases  with  tube  diameter.  In  other  words,  the  stability  of  a  detonation  propagating  in  a  tube  where  the  diameter 
is  one  cell  size  (A,)  is  not  the  same  as  a  detonation  with  13  cells  propagating  in  a  tube  whose  diameter  is  13A,.  The 
latter  is  found  to  be  extremely  stable  even  to  large  perturbations.  For  example,  a  sudden  increase  in  the  tube 
diameter  will  not  quench  the  detonation,  if  d  >  13X,  On  the  other  hand,  propagation  of  a  one-cell  detonation  in  a 
tube  with  d  ~  A.  is  found  to  be  in  the  limiting  conditions.  As  shown  by  St-Cloud  et  al.  [3]  and  Moen  et  al.  [4],  a 
finite  perturbation  may  lead  to  complete  destruction  of  such  detonations.  Therefore,  a  small  but  sudden  increase  in 
tube  dameter  may  result  in  a  deflagration  wave.  In  the  present  paper  the  stability  of  the  detonation  wave  is 
investigated  by  numerically  simulating  the  expansion  of  detonation  having  different  number  of  cells. 

The  governing  equations  used  are  of  the  Euler  type  with  exothermic  chemical  reactions.  They  can  be  expressed 
in  the  following  form 


dq  dE  dF 
—+ — + — 
dx  dx  By 


+H=0. 
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Above  equation  represents  conservation  equations  for  mass,  momentum,  energy  and  the  two  progress  variables 
depends  on  the  variable  (p,  pu,  pv,  e,  pp,  and  pa)  used  as  q. 

The  gaA  mixture  considered  here  is  a  stoichiometric  hydrogen-oxygen  fuel  diluted  with  Ar/He  by  70%.  This 
mixture  is  known  to  generate  a  well-behaving  detonation.  The  hydrogen-oxygen  reactions  are  represented  by  the 
Korobeinikov  model  consisting  of  two-step  reaction  mechanism;  1)  a  non-exothermic  irreversible  induction  reaption 
where  the  progress  variable  (a)  changes  from  1  to  0,  and  2)  an  exotiiermic  reversible  recombination  reaction  with  its 
progress  variable  (P)  changing  from  1  to  peq.  This  two-step  reaction  model  has  been  successfiilly  applied  in  the  past 
to  address  two-dimensional  unsteady  detonation  problems  [1,5].  The  Chapman- Jouguet  (C-J)  Mach  number  of  the 
premixed  gas  mbcture  considered  is  4.8.  A  grid  system  that  moves  at  an  uniform  velocity  of  C-J  value  is  used. 

The  present  simulation  used  an  explicit  2"‘^-order  MacCormack  predictor-corrector  technique  with  4%rder  FCT 
(Flux  Corrected  Transport)  scheme  for  capturing  the  shock  waves  accurately.  All  the  calculations  were  started  from  a 
plain  ZND  detonation  wave.  A  stable  multi-dimensional  detonation  wavd  was  generated  by  placing  a  few 
exothermic  spots  just  upstream  of  the  leading  shock  front.  These  exothermic  spots  perturbed  the  plane  C-J  wave  and 
developed  transverse  waves.  Once  the  propagation  of  detonation  became  stable  it  was  then  subjected  to  a  sudden 
expansion  having  different  area  ratios.  By  using  different  size  main  chambers,  studies  on  the  survivability^  of 
detonation  in  the  expansion  environment  were  performed.  The  grids  are  constructed  with  Ax=Ay^2L  /9.  Here,  L  is 
the  induction  length-a  characteristic  distance  related  to  the  unbumt  gas  mixture. 

Results  and  Discussion 

Calculations  were  initially  made  for  a  channel  width  of  9L*.  A  stably  propagating  detonation  having  two 
transverse  waves  was  established  after  -1000  time  steps.  The  interaction  between  the  transverse  and  detonation 
waves  results  in  a  triple-shock  structure  and  thereby  a  cellular  detonation  front.  As  the  detonation  propagates,  these 
transverse  waves  travel  toward  the  walls  and  reflect  back  when  they  interact  with  the  walls.  The  structure  of  the 
detonation  front  propagating  in  the  9L*  channel  is  shown  in  Fig.  1  at  three  instants.  The  iso-pressure  plots  shown  in 
Figs.  1(a),  1(b),  and  1(c)  visualize  the  motion  of  the  two  triple  shock  structures  between  the  lower  and  upper  walls. 
Note  that  the  grid  system  is  moving  at  Chapman-Jouguet  velocity  and  the  detonation  front  is  always  located  in  the 
same  region  with  a  small  amount  of  fluctuations  resulting  from  the  deviation  in  local  propagation  velocity.  The 
wave  velocities  obtained  at  upper  and  lower  walls  and  at  the  mid  section  are  plotted  in  Fig.  2.  This  shows  that  the 
reflection  of  a  triple  shock  from  the  wall  and  the  interaction  between  two  triple  shocks  resulting  in  similarly 
enhanced  combustion  (increased  propagation  velocity)  locally.  However,  the  average  non-dimensional  propagation 
velocity  is  4.96,  which  is  close  to  the  C-J  velocity  for  the  mixture  considered.  ^ 

Calculations  were  continued  further  on  this  detonation  by  suddenly  increasing  the  channel  width  to  18L  . 
Results  in  the  form  of  iso-pressure  plots  are  shown  in  Fig.  3  at  six  different  instants  during  &e  expansion  process. 
It  is  clear  that  the  detonation  has  transmitted  successfully  into  a  18L*-wide  channel  from  a  9L*-wide  one.  The  entire 
transmission  took  about  100  ps  and  another  75  ps  to  establish  a  regular  cellular  structure  in  the  18L*-wide  channel 
that  is  appropriate  for  that  size.  Note  from  Figs.  3(b)  and  3(c)  that  while  the  detonation  wave  tends  to  dissipate  in 
the  larger  tube,  the  propagation  of  higher-energy,  triple-shock  intersection  points  tends  to  strengthen  the  detonation. 
After  a  few  passes  of  these  intersection  points  on  the  detonation  wave  front,  the  latter  establishes  into  a  self- 
sustained  wave  with  three  triple-shock  intersections. 

The  velocity  modulation  at  the  detonation  wave  front  in  the  bottom,  mid  and  top  sections  during  the  transition 
period  are  shown  in  Fig.  4  and  those  for  the  stable  detonation  in  the  larger  tube  are  shown  in  Fig.  5.  The  higher- 
than-usual  jumps  in  velocity  in  Fig.  4  indicate  the  formation  of  super-energy  detonations.  The  smaller  jumps  in 
velocity  at  the  tube  mid  section  in  Fig.  5  suggest  that  triple-shock  points  are  not  interacting  at  that  location  due  to 
the  odd  number  of  cells.  Similar  calculations  performed  for  main  chambers  >  1 8L  could  not  yield  successful 
transmission  for  detonation  wave.  An  example  of  such  unsuccessful  transmission  is  shown  in  Figs.  6  and  7.  In  this 
calculation  the  channel  size  was  suddenly  increased  from  9L*  to  20L*.  As  evident  from  Fig.  6(c),  the  reflection  of 
transverse  waves  near  the  walls  could  not  produce  detonation  wave  and  as  a  result  the  combustion  waves  further 
weakened  as  they  propagated  back  into  the  channel. 
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Fig.  2.  Propagation  velocity  at  diff-  Fig.  3.  Transmission  of  detonation  wave  from  9L*-wide  to  181 
erent  locations  for  9L*-wide  channel,  channel,  (a)  0,  (b)  2.6,  (c)  5.2,  (d)  13,  (e)  36,  and  (f)  175  ps. 


Fig.  4.  Detonation  propagation  velocity  at 
different  locations  during  sudden  expansion. 


Fig.  5.  Detonation  propagation  velocity  at 
different  locations  for  a  18L*-wide  channel. 


*-wide 


(C)  (d) 

Fig.  6.  Transmission  of  detonation  wave  from  9L*-wide  to  20L*-wide  channel,  (a)  0  ^s,  (b)  2.8  |lis,  (c)  6.2 
(d)  1 1  [IS.  After  8  jis,  detonation  failed  in  the  larger  channel. 


Time  (^s) 

Fig.  7.  Propagation  velocity  at  different  locations  in  20L*-wide  channel  during  sudden  expansion. 
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4.1.6.  Droplet  and  Two-Phase  Flows 

The  maximum-entropy  principle  was  used  to  model  the  size  and  velocity  distribution  of 
droplets  generated  by  the  disintegration  of  a  cylindrical  hquid  jet;  the  results  are  reported 
in  the  paper  entitled  “Comparisons  Between  Experiments  and  Predictions  Based  on 
Maximum  Entropy  for  the  Breakup  of  a  Cylindrical  Liquid  Jet”  (see  pp.  987-1004).  The 
publication  entitled  “A  Numerical  Study  of  Droplet-Vortex  Interactions  in  a  Evaporating 
Spray”  (see  pp.  1005-1019)  documents  the  results  of  a  time-dependent  axisynametric 
numerical  simulation  of  a  n-heptane  evaporating  spray;  also  reported  is  an  investigation 
into  the  droplet-vortex  interactions  that  determine  the  structural  and  dynamic 
characteristics  of  a  spray  jet  flow.  Numerical  simulations  of  droplet- vortex  interactions 
in  a  heated  jet  are  discussed  in  the  publication  entitled  “Unsteady  Spray  Behavior  in  a 
Heated  Jet  Shear  Layer:  Droplet-Vortex  Interactions”  (see  pp.  1020-1040).  A  numerical 
model  based  on  the  finite- volume  approach  was  developed  to  study  the  evaporation 
process  of  interactive  droplets  and  is  discussed  in  the  paper  entitled  “Numerical  Modeling 
of  Interactions  Between  Evaporating  Droplets”  (see  pp.  1041-1051).  The  results  of  a 
direct  numerical  simulation  of  a  droplet-laden  swirling  jet  and  the  effects  of  swirl  and 
two-phase  momentum  coupling  on  &e  jet  dynamics  and  structural  characteristics  are 
reported  in  the  pubUcation  entitled  “Momentum  Coupling  Effects  in  a  Two-Phase 
Swirling  Jet”  (see  pp.  1052-1064).  A  numerical  model  based  on  the  finite-volume 
approach  was  developed  to  study  the  evaporation  and  combustion  process  of  interactive 
droplets;  this  study  is  documented  in  the  paper  entitled  “Numerical  Modeling  of 
Interactive  Burning  Droplets”  (see  pp.  1065-1072).  The  dynamics  and  vaporization  of 
both  pure  and  multicomponent  fuel  droplets  in  a  laminar-flow  field  are  discussed  in  the 
paper  entitled  “Experimental  Study  of  l^e  and  Multicomponent  Fuel  Droplet 
Evaporation  in  a  Heated  Air  Flow”  (see  pp.  1073-1093).  A  droplet-laden  swirling  jet  was 
numerically  simulated,  and  the  effects  of  swirl  and  two-phase  momentum  coupling  on  the 
jet  dynamics  and  structural  characteristics  were  assessed;  the  results  are  reported  in  the 
paper  entitled  “On  the  Dynamics  of  a  Two-Phase,  Nonevaporating  Swirling  Jet”  (see  pp. 
1094-1 114).  A  numerical  model  featuring  the  use  of  a  composite  grid  system  was 
developed  and  used  to  study  the  transport  phenomena  of  liquid  droplets  in  combustion 
systems.  The  results  are  discussed  in  the  pubhcation  entitled  “Niunerical  Modeling  of 
Droplets  in  a  Composite  Grid  System”  (see  pp.  1115-1 121).  A  numerical  study  of  the 
collision  between  two  liquid  droplets  is  documented  in  the  paper  entitled  “Nmnerical 
Modeling  of  Collision  Between  Two  Droplets”  (see  pp.  1 122-1 131). 
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A  motion  analyzer  was  used  to  measure  the  size  and  velocity  distributions  of  droplets 
generated  by  the  disintegration  of  a  cylindrical  liquid  jet.  The  breakup  of  the  liquid  jet  under 
consideration  contains  satellite  droplets  interspersed  among  the  primary  droplets,  thus 
resulting  in  a  bimodal  distribution  in  size.  The  integrated  velocity  distribution  of  droplets  is 
not  Gaussian.  The  maximum  entropy  principle  is  used  to  model  this  phenomenon.  Agree¬ 
ment  between  the  model  and  the  measurements  is  reasonably  good. 


INTRODUCTION 

The  process  of  producing  droplets  by  the  breakup  of  a  cylindrical  liquid  jet  is 
commonly  called  Rayleigh  breakup  [I,  2].  The  use  of  a  stimulated  mechanism  (forcing 
function)  has  been  widely  employed  to  obtain  uniform  droplets;  this  can  be  represented  by 
5(D  -  Do)  5(17  -  Uq\  a  coupled  delta  function  where  Dq  denotes  uniform  droplet  size  and 
Uq  denotes  uniform  droplet  velocity.  Such  droplets  are  essential  in  calibrating  spray  sizing 
instruments  and  in  studying  the  fundamental  aspects  of  spray  evaporation  and  combustion. 
In  general,  a  stream  of  droplets  having  uniform  size  is  difficult  to  achieve  without  external 
stimulation,  even  when  experiments  are  carefully  conducted  in  a  vibration-isolated  envi¬ 
ronment.  Such  a  jet,  as  a  result  of  nonlinear  instability,  frequently  has  a  propensity  to 
produce  relatively  small  “satellite”  droplets  interspersed  among  the  main  large  droplets  [3]. 
The  existence  and  behavior  of  these  satellite  droplets  depends  on  the  initial  flow  conditions 
and  the  physical  properties  of  the  liquid  jet. 

The  maximum  entropy  principle  has  been  used  successfully  to  study  the  droplet  size 
and  velocity  distributions  for  nonstimulated  cylindrical  water  jets  without  satellite  droplets 
[4].  Unforced  disturbances  and  complicated  nonlinear  breakup  mechanisms  produce  a 
stream  of  droplets  that  deviates  from  the  ideal  (deterministic)  uniform  distributions  in  size 
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NOMENCLATURE 

area  of  prolate  spheroid 

k 

nondimensionai  wave  number 

area  of  sphere 

N 

normalized  droplet  number 

B 

12AVe 

Pij 

joint  probability 

Q, 

constant  associated  with  constraint  of 

S 

information  entropy 

primary  (prolate  spheroid)  drops 

Sr,, 

mass  source  term 

Cl 

constant  associated  with  constraint  of 

momentum  source  term 

satellite  (spherical)  drops 

Su 

kinetic  energy  source  term 

D 

diameter  of  droplet 

surface  energy  source  term 

D 

nondimensionai  droplet  diameter 

u 

nondimensionai  velocity  ((//(/jd) 

D, 

diameter  of  liquid  column  near  breakup 

velocity  of  liquid  column  at  nozzle  exit 

^jei 

^1 

diameter  of  nozzle  exit 

mean  diameter  of  satellite  droplets 

We 

Weber  number  [pUj,,  D^q/o) 

^2 

mean  diameter  of  primary  droplets 

tto,  a, 

. Lagrangian  multipliers 

mass  mean  diameter  of  droplets 

X 

Wavelength  of  instabilities  in 

t>y2 

sauter  mean  diameter 

liquid  column 

and  velocity.  The  present  study  extends  the  use  of  the  maximum  entropy  principle  to  a 
stream  of  primary  and  satellite  droplets  whose  size  and  velocity  distributions  are  not 
deterministic  and  thus  are  described  by  probability  distribution  functions. 

The  concept  of  information  entropy  was  developed  by  Shannon  [5],  and  Jaynes  [6] 
later  extended  this  concept  to  the  well-known  method  of  maximum  entropy  formalism. 
This  formalism  can  be  applied  to  problems  that  involve  probability,  i.e.,  where  insufficient 
information  is  available  to  obtain  exact  solutions.  Tribus  [7]  showed  that  the  concepts  of 
heat  and  temperature  in  thermodynamics  could  be  defined  through  the  formalism  of 
maximum  entropy.  The  maximum  entropy  formalism  asserts  that  the  least  prejudiced 
(biased)  or  most  appropriate  probability  distribution  is  the  one  that  maximizes  Shannon’s 
entropy — subject  to  the  given  constraints  imposed  on  a  physical  probabilistic  system  (or 
process).  The  maximum  entropy  formalism  can  be  applied  to  a  system  (or  process)  about 
which  the  available  knowledge  or  information  is  limited  and  insufficient  to  permit  predic¬ 
tions  that  are  certain  to  be  correct  by  a  conventional  deterministic  approach. 

Although  there  is  no  way,  at  present,  of  proving  the  maximum  entropy  principle,  its 
physical  meaning  can  be  understood  (or  interpreted)  from  the  thermodynamic  point  of  view 
by  the  fact  that  both  entropies,  one  defined  by  Shannon  and  the  other  defined  in  classic 
thermodynamics,  are  equivalent.  The  second  law  of  thermodynamics  dictates  that  the 
entropy  of  an  isolated  system  always  increases  for  any  natural  processes.  When  the  entropy 
of  the  system  reaches  its  maximum  value,  the  system  is  in  thermodynamic  equilibrium. 
Therefore,  the  probability  distribution  derived  from  the  maximum  entropy  principle  can  be 
interpreted  as  the  probability  distribution  for  the  system  that  reaches  local  equilibrium 
under  given  conditions  (constraints).  Since  the  equilibrium  state  is  unique  for  a  given  set 
of  conditions,  the  probability  distribution  corresponding  to  an  equilibrium  state  is  also 
unique. 

In  addition  to  applying  the  maximum  entropy  principle  to  the  breakup  of  a  cylindrical 
jet,  the  maximum  entropy  principle  also  has  been  used  to  model  the  spray  from  a  pressure 
atomizer,  and  a  skewed  monomodal  size  distribution  was  derived  [8-12].  The  predicted 
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size  distributions  as  well  as  the  velocity  distributions  agreed  with  the  experimental  mea¬ 
surements  [4,  8,  11,  12].  The  experimental  results  reported  in  these  earlier  articles  were 
obtained  using  a  phase  Doppler  particle  analyzer  (PDPA).  In  a  recent  article  by  van  der 
Geld  and  Vermeer  [13],  a  size  distribution  function  of  a  spray  having  satellite  drops  was 
derived  using  maximum  entropy  formalism.  In  their  derivation,  however,  the  size  distribu¬ 
tion  for  the  primary  droplets  is  assumed  to  be  Gaussian.  Maximum  entropy  theory  was  used 
to  obtain  the  size  distribution  for  the  satellite  drops;  the  final  distribution  is  a  composite 
distribution.  In  the  study  presented  here,  no  assumption  was  made  a  priori  with  regard  to 
either  the  primary  or  satellite  droplet  distributions.  A  single  probability  distribution  func¬ 
tion,  not  a  composite  type,  was  obtained  that  incorporates  both  primary  and  satellite  drops. 

The  goal  of  this  article  is  to  examine  a  flow  system  having  a  strong  bimodal  size 
distribution.  Rayleigh  breakup  of  a  cylindrical  liquid  jet  with  satellite  droplets  is  an  ideal 
candidate.  This  is  essentially  a  simple  spray,  which,  however,  has  complex  size  and 
velocity  distributions.  Stimulating  the  flow  (piezoelectrically,  acoustically,  etc.)  can  pro¬ 
duce  very  reproducible  flows  having  a  bimodal  size  distribution  that  incorporates  essen¬ 
tially  two  delta  functions — one  for  the  primary  drops  and  another  for  the  satellite  drops. 
These  flows  have  been  studied  by  conventional  deterministic  approaches — linear  or  non¬ 
linear  stability  analyses  [14-18].  However,  a  Rayleigh  liquid  jet  that  is  not  externally 
stimulated  produces  droplets  that  vary  in  size  and  velocity  and  thus  are  described  by 
probability  distribution  functions  that  are  amenable  to  the  maximum  entropy  approach  used 
in  this  study. 


EXPERIMENT 


Background 

The  experimental  setup  used  in  this  study  is  similar  to  that  described  by  Chin  et  al. 
[4].  In  that  setup,  the  nozzle  assembly  had  an  orifice  that  was  50  |im  in  diameter.  The  50 
pm  orifice  was  formed  in  a  bimetal  nozzle  plate  by  the  fabrication  technique  called 
electroforming  [19].  By  adjusting  the  flow  rate  (air  pressure)  and  observing  the  breakup 
with  a  microscope,  one  can  locate  a  range  of  flow  rates  where  satellite  drops  have  occurred. 
However,  when  attempting  to  use  the  PDPA,  three  problems  became  apparent. 

1.  The  satellite  drop  is  usually  captured  by  either  the  succeeding  or  preceding 
primary  (large)  drop  within  several  wavelengths  downstream  of  the  breakup 
plane.  Which  primary  drop  captures  the  satellite  drop  depends  on  where  the 
ligament  separation  occurs  first — on  the  fore  side  or  the  aft  side  of  the  primary 
drop  [3].  In  the  meantime,  the  effect  of  aerodynamic  drag  on  a  satellite  drop  is 
greater  than  that  on  a  primary  drop,  which  results  in  coalescence  of  the  satellite 
drop  and  the  primary  drop — even  if  the  ligament  separation  from  the  fore  and  aft 
primary  drops  occurs  simultaneously.  Because  of  the  wide  probe  area  of  the 
PDPA  (~10"^  cm-),  the  measurement  must  be  made  within  the  first  few  wave¬ 
lengths  after  the  breakup  plane  of  the  liquid  jet;  otherwise  the  close  proximity  of 
the  primaiy  droplet  interferes  with  the  measurement  of  the  satellite  droplet. 

2.  Because  the  breakup  plane  fluctuates  more  than  several  wavelengths,  the  PDPA 
normally  “sees'’  the  cylindrical  column  of  liquid  (upstream  of  breakup)  or  the 


989 


606 


L.  P.  CfflN  ET  AL. 


large  droplets  without  the  satellites  (too  far  downstream  of  breakup,  where  coa¬ 
lescence  has  occurred  or  is  about  to  occur).  This  became  obvious  when  we 
examined  printouts  obtained  from  an  ICCD  camera  focused  through  a  microscope 
on  the  breakup  region. 

3.  The  PDPA  size  measurements  are  based  on  the  assumption  that  the  droplets  are 
spherical,  which  is  not  the  case — ^particularly  with  regard  to  the  primary  (large) 
droplets.  They  oscillate  between  different  modes  (“ellipsoidar’-like  shapes). 

In  the  present  study,  the  experimental  setup  has  been  modified  to  overcome  the 
difficulties  described  above.  Microscopic  photography  was  used  instead  of  PDPA  to 
measure  the  droplet  size  and  droplet  velocity. 

Nozzle  Assembly 

A  schematic  diagram  of  the  apparatus  used  to  study  the  evolution  of  droplets  is 
illustrated  in  Fig.  1.  A  compressed-air  supply  forces  the  water  from  a  reservoir  through  a 
filter  to  the  nozzle  assembly.  The  nozzle  assembly,  which  is  positioned  vertically  with  the 
fluid  exiting  downward,  has  an  inner  diameter  of  about  2.54  cm.  Inside  the  nozzle  assembly 
are  three  fine  stainless  steel  screens;  above  these  screens  are  several  layers  of  glass  beads 
that  are  0.47  cm  in  diameter.  Thus  nonuniformity  and  rotation  of  the  liquid  flow  are 
removed.  The  orifice  in  the  nozzle  assembly  consists  of  a  sapphire  orifice  with  a  0.08-cm 
hole.  The  flow  is  accurately  controlled  by  a  needle  valve  placed  between  the  pressure 
source  and  the  pressurized  water  tank,  and  a  ball  valve  placed  upstream  of  the  water  filter. 
The  operating  pressure  drop  across  the  nozzle  assembly  for  this  test  was  7 .6  kPa,  yielding 
a  volumetric  flow  rate  of  2  ml/s.  The  volumetric  flow  rate  was  measured  by  weighing  the 
total  mass  of  water  collected  over  a  selected  interval  of  time. 


Fig.  1  Schematic  drawing  of  the  droplet  generator  setup. 
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Image  Analysis  System 

A  Kodak  image  analyzer  was  used  to  take  pictures  of  the  water  droplets.  The  water 
issues  from  the  nozzle  assembly  as  a  liquid  column.  This  liquid  column  breaks  up  into 
droplets  about  10  cm  downstream  from  the  orifice.  The  motion  analyzer  was  set  up  about 
10  cm  downstream  of  the  orifice  to  record  the  droplet  formation  in  the  vicinity  of  the 
breakup  region.  A  strobe  light  having  a  very  short  pulse  duration  (less  than  a  microsecond) 
was  used  to  provide  illumination  of  the  droplets.  The  strobe  flash  is  of  sufficiently  short 
exposure  time  to  provide  images  of  the  droplets  with  little  distortion  due  to  droplet 
motion — which  is  particularly  important  for  measuring  the  size  of  the  satellite  droplets.  To 
increase  the  intensity  of  the  strobe  light  at  the  test  section,  a  convex  lens  was  used  to  focus 
the  strobe  light  to  a  circle  about  2.54  cm  in  diameter  at  the  plane  of  the  droplets.  The 
illuminating  strobe  light  and  the  image  camera  were  both  triggered  by  a  synchronized 
signal  from  the  image  processor.  The  images  “seen”  by  the  camera  were  enlarged  10- fold 
by  a  microscope.  The  strobe  light,  which  back-lighted  the  droplets,  was  slightly  offset  from 
the  line  of  sight. 

As  stated  earlier,  measurements  must  be  made  on  droplets  near  the  breakup  region, 
otherwise  many  of  the  satellite  drops  may  have  coalesced  with  primary  (large)  drops.  Due 
to  the  influence  of  inherent  instabilities  from  various  sources,  the  breakup  plane  is  not  fixed 
in  space  and  was  found  to  fluctuate  about  ±1.5  cm.  This  fluctuation  was  more  than  the  view 
area  seen  through  the  microscope.  Thus,  some  of  the  images  had  only  a  cylindrical  column 
of  water  with  no  droplets  (the  image  is  upstream  of  the  breakup  plane),  whereas  some  of 
the  other  images  have  satellite  droplets  on  the  verge  of  coalescing  with  the  primary  drop. 
Possibly  some  satellite  drops  may  have  already  coalesced  with  primary  drops  and  we 
missed  counting  them.  In  the  experiment,  a  total  of  1017  primary  droplets  and  877  satellite 
droplets  were  counted  and  analyzed.  Thus,  the  measured  number  ratio  of  primary  droplets 
to  satellite  droplets  at  breakup  is  1.16. 

Results  and  Analysis 

Figure  2  shows  the  images  taken  at  a  framing  rate  of  1500  pictures  per  second.  In 
these  images  the  droplets  are  traveling  from  left  to  right.  Both  primary  and  satellite  droplets 
appear.  In  Fig.  2a,  no  satellite  drop  is  seen  between  droplets  labeled  “b”  and  “c”  in  the  first 
frame  nor  between  “e”  and  “d”  of  the  third  frame.  In  Fig.  2b,  the  satellite  drop  between 
droplets  “b”  and  “c”  in  the  first  frame  is  about  to  coalesce  with  droplet  “b”  in  the  second 
frame.  There  are  some  instances  where  there  are  two  satellite  drops  between  the  two 
primary  drops. 

The  satellite  drops  are  nearly  spherical  in  shape;  on  the  other  hand,  the  primary  drops 
are  relatively  large  in  size,  but  are  far  from  spherical.  It  was  necessary  to  characterize  the  drop 
sizes  by  an  effective  diameter.  It  was  assumed  that  all  the  droplets  are  ellipsoidal  in  shape 
(either  prolate  or  oblate  spheriods),  with  their  axes  of  symmetry  along  the  flow  direction 
(vertical  in  experiments  and  horizontal  in  images  shown  in  Fig.  2).  By  measuring  the  major 
and  minor  axes  of  the  droplet,  the  volume  of  the  droplet  was  calculated.  The  diameter  of  a 
sphere  with  an  equivalent  volume  was  obtained  and  its  diameter  was  defined  as  the  effective 
diameter  for  the  droplet.  The  accuracy  of  the  measurements  of  the  major  and  minor  axes  for 
an  individual  drop  is  ±22.5  pm.The  standard  deviation  of  the  mean  was  computed  from  50 
such  measurements  on  a  typical  satellite  drop  and  primary  drop  the  values  were  2.2  pm 
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Fig.  2  Typical  images  taken  with  the  Ektapro  motion  analyzer  10  cm  from  the 
nozzle. 


(mean  diameter  is  0.32  mm)  for  the  satellite  drop  and  3.5  pm  (mean  diameter  is  1.35  mm) 
for  the  primary  drop.  Thus  the  measured  effective  diameters  of  the  droplets  are  a  good 
representation  of  the  droplet  sizes.  There  may  be  some  question  concerning  their  accuracy, 
but  they  .do  not  have  to  be  any  more  accurate  because  the  effective  diameters  are 
nondimensionalized  with  the  mass  mean  diameter  (D,a),  and  D^o  is  computed  based  on  the 
measured  effective  diameters.  As  a  further  verification  of  the  measured  diameters  of  the 
nonspherical  primary  drops,  measurements  were  made  far  downstream  (approximately  50  cm 
from  the  nozzle).  At  this  location  (see  Fig.  3),  the  primary  drops  are  round  and  their  diameters 
(equal  to  effective  diameters)  can  be  measured  directly  (the  increase  in  volume  due  to 
coalescence  with  a  satellite  drop  is  negligible).  Although  there  may  be  coalescence  between 
some  primary  drops  at  50  cm  from  the  nozzle,  the  diameters  at  the  peak  of  the  distribution 
curves  in  both  cases  (at  10  and  50  cm  from  the  nozzle)  agree  at  1.37  mm. 
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Fig.  3  Typical  image  taken  with  the  Ektapro  motion  analyzer  50  cm  from 
the  nozzle. 


The  measured  droplet  size  distribution  is  shown  in  Fig.  4.  There  are  two  peaks,  one 
for  the  satellite  droplets  and  the  other  for  the  primary  droplets.  The  amplitude  of  the  peak 
for  the  primary  droplets  is  slightly  larger  than  that  for  the  satellite  droplets.  As  mentioned 
earlier,  a  few  satellite  drops  may  not  have  been  counted  because  of  coalescence  prior  to  the 
time  of  the  images  under  consideration.  Using  the  measured  effective  diameters,  was 
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Fig.  4  Comparison  between  experimental  and  predicted  droplet  size  distributions. 
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calculated  to  be  I.i  mm.  From  recorded  images  similar  to  those  shown  in  Fig.  2,  the 
velocities  of  the  droplets  at  the  breakup  plane  were  measured.  The  mean  velocity  of  the 
droplets  at  the  breakup  region  was  found  to  be  4.15  m/s.  An  experimentally  measured 
velocity  distribution  will  be  presented  later  and  compared  with  the  predicted  velocity 
distribution  function. 

In  order  to  compare  the  drop  size  measurements  with  data  in  the  literature,  it  is 
necessary  to  determine  the  nondimensional  wave  number,  k  =  kDJX.  X,  the  wavelength, 
was  measured  from  data  such  as  that  shown  in  Fig.  5.  X  equals  3.5  mm  and  D^.  (the  diameter 
of  the  liquid  column  near  breakup)  equals  0.79  mm;  thus,  k  equals  0.71.  This  agrees  well 
with  the  wave  number  at  maximum  growth  rate  (k  =  0.698)  under  unforced  Rayleigh 
breakup  condition.  Figure  6  is  a  plot  showing  data  presented  by  Lefrance  [18]  and  by 
Rutland  and  Jameson  [  17].  On  this  plot  the  theoretically  predicted  drops  sizes  (primary  and 
satellite)  from  [18]  are  also  presented,  and  these  are  seen  as  solid  and  dashed  curves.  Two 
data  points  obtained  from  our  measurements  are  marked  by  triangles  in  Fig.  6,  and  they  are 
found  to  agree  with  the  data  in  [18]  and  [17].  This  agreement  further  enhances  confidence 
in  our  experimental  data. 


THEORETICAL  MODEL 

The  maximum  entropy  principle  is  applied  from  one  local  equilibrium  state  (at  the 
nozzle  exit)  to  another  local  equilibrium  state  (where  the  droplets  are  formed)  and  does  not 
become  involved  with  the  details  of  the  liquid  column  instability  characteristics  such  as  the 
random  onset  and  selective  growth  of  undulations,  the  breakup  mechanisms,  the  ligament 
formation  between  two  primary  drops,  their  final  breakup  into  satellite  droplets,  etc.  These 
processes  are  just  the  physical  mechanisms  required  for  the  natural  occurrence  of  the 
transition  from  one  equilibrium  state  (at  the  nozzle  exit)  to  another  (where  the  droplets  are 
formed).  (The  droplets  that  are  formed  are  oscillating  and  thus  not  strictly  in  equilibrium. 
However,  the  energy  due  to  the  oscillations  is  small  compared  to  the  translational  kinetic 


Fig.  5  Typical  image  of  the  surface  of  the  cylindrical  jet  prior  to  breakup. 
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Fig.  6  Comparison  of  wave-number  and  results  obtained  in  present 
experiments  and  those  of  Lafrance  [18]  and  Rutland  and  Jameson  [17]. 


energy.  Therefore  we  modeled  this  problem  as  a  quasi-equilibrium  process— that  is,  the 
oscillating  drops  are  infinitesmally  near  equilibrium.)  The  detailed  physical  processes  of 
the  transition  plays  no  role  in  the  maximum  entropy  approach,  which  only  takes  into 
account,  from  a  statistical  point  of  view,  the  macroscopic  average  quantities  constraining 
an  indeterminate  process.  In  maximum  entropy  formalism,  the  transition  from  one  local 
equilibrium  state  to  another  is  linked  through  physical  laws  such  as  conservation  of  mass, 
momentum,  and  energy.  We  do  not  imply  that  the  maximum  entropy  approach  will  replace 
the  conventional  deterministic  approach;  whenever  possible,  the  deterministic  approach 
should  be  used.  However,  for  a  stochastic  process  such  as  the  one  under  consideration,  the 
experimental  results  are  represented  by  a  probability  distribution  function,  for  which  a 
deterministic  approach  is  not  appropriate.  For  this  problem,  the  maximum  entropy  ap¬ 
proach  may  prove  useful. 

Detailed  formulation  and  derivation  of  the  maximum  entropy  principle,  as  presented 
here,  have  been  published  [4, 8, 20].  However,  there  is  one  significant  modification  for  the 
model  presented  here.  The  previously  presented  model  is  derived  based  on  the  assumption 
that  the  droplets  are  spherical.  In  the  present  study,  the  satellite  drops  in  most  instances  are 
nearly  spherical;  however,  the  primary  (large)  drops  are  far  from  spherical.  Their  actual 
shapes,  which  vary  from  frame  to  frame,  are  complicated  and  difficult,  if  not  impossible, 
to  describe  mathematically.  To  account  for  these  nonspherical  shapes,  two  new  constraints 
are  introduced — one  related  to  the  surface/volume  ratio  of  small  droplets  and  the  other 
related  to  the  nonsphericity  of  large  droplets. 


995 


612 


L.  P.  CHIN  ET  AL. 


1.  Since  the  small  drops  (satellite)  are  nearly  spherical,  the  area/volume  ratio  of  a 
satellite  drop  is  equal  to  6/D  (where  D  is  the  diameter  of  the  droplet).  Therefore, 
it  was  assumed  in  this  model  that  the  mean  ^ea/volume  ratio  for  the  group  of 
small  satellite  droplets  varies  inversely  with  D  (D/D30).  This  constraint  is  domi¬ 
nated  by  small  droplets  ( D  <  1). 

2.  It  is  known  that  the  surface-to- volume  ratio  for  a  sphere  is  smaller  than  that  of  any 
other  shape  having  the  same  volume.  From  the  examination  of  experimental  data, 
it  is  observed  that  the  larger  the  drops,  the  greater  is  the  deviation  from  spherical 
shape.  A  mathematical  model  for  large  droplets  based  on  experimental  observa¬ 
tions  can  be  established  by  describing  the  large  droplet  as  a  prolate  spheroid 
having  a  major  axis  a  and  a  minor  axis  b.  The  surface  area  for  a  prolate  spheroid 
(A,)  is  greater  than  the  surface  area  of  a  sphere  (A,)  having  the  s^e  volume.  The 
greater  the  ratio  of  the  major  axis  to  the  minor  axis,  the  greater  is  the  ratio  AJA,. 
If  we  assume  that  the  ratio  between  the  major  axis  and  the  minor  axis  follows  this 

relationship,  alb  =  5d£, ,  as  the  droplet  size  increases,  then  it  is  found  that  the 

ratio  A,/A,  is  proportional  to  D,,  as  shown  in  Fig.  7.  D^  is  defined  as  the  diameter 
of  a  sphere  having  the  same  volume  as  the  prolate  spheroid.  The  proportionality 
between  AJA,  and  depends  on  the  values  of  5  and  |3,  which  indicate  the  degree 
of  deviation  for  the  shape  of  droplet  from  a  sphere.  It  is  clearly  seen  in  Fig.  7  that 
the  curves  are  approximately  linear  with  Deq^Therefore,  as  a  second  constraint,  we 
assumed  that  A^A^  varies  linearly  with  D  ( D  =  D^/D^).  This  constraint  is 
dominated  by  large  (primary)  droplets. 

A  schematic  drawing  for  the  breakup  of  a  liquid  jet  and  its  control  volume  is  shown 
in  Fig.  8.  The  control  volume  begins  at  the  orifice  and  extends  several  (wavelengths 


Fig.  7  A  plot  of  versus  where  A,  is  the  area  of  a  prolate  spheroid. 

Ay  is  the  area  of  a  sphere  having  the  same  volume,  a  and  b  are  the  major  and 
minor  axes  of  the  spheroid,  and  a/ b  - 
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Fig.  8  Schematic  drawing  of  the  control  volume  chosen  in  this 
study  to  model  the  breakup  of  a  liquid  jet  into  droplets. 


downstream  of  breakup.  The  liquid  jet  that  enters  the  control  volume  through  surface  1  has 
a  diameter  and  velocity  The  droplets  that  emerge  from  the  control  volume  through 
surface  2  have  diameter  D  and  velocity  U.  Because  of  the  existence  of  individual  droplets 
crossing  surface  2,  the  mass,  momentum,  and  energy  leaving  the  control  volume  are  not 
constant  in  time.  Not  only  are  there  variations  in  diameter  and  velocity  within  the  primary 
and  satellite  droplets,  but  at  some  instances  the  primary  drop  crosses  surface  2  (as  in  Fig.  8) 
and  at  other  instances  the  satellite  drop  crosses  surface  2.  Thus  there  are  changes  of  these 
quantities  (mass,  momentum,  kinetic  energy  flux,  and  surface  energy  flux)  within  the 
control  volume  in  time.  To  maintain  steady-state  formulation,  the  conservation  equations 
employed  here  will  be  derived  using  a  time-averaged  base. 

Constraints  Selected  in  Maximum  Entropy  Formulation 

The  entropy  defined  by  Shannon  [5]  is  expressed  in  the  form 

i  J 

where  S  is  called  the  information  entropy,  A'  is  a  constant,  and  is  the  relative  frequency 
or  joint  probability  of  the  occurrence  of  certain  realizations  (or  results).  The  goal  is  to  find 
the  joint  probability  distribution,  that  is  realized  with  the  greatest  probability.  Hence  it 
is  required  that  5  is  an  extreme  under  whatever  constraints  are  imposed  in  the  physical 
system  considered.  Similar  to  the  constraints  used  in  the  previous  study  for  a  liquid 
cylindrical  jet  [4]  without  satellite  droplets,  the  balance  of  mass  flux,  momentum  flux,  and 
energy  fluxes  between  the  nozzle  exit  and  the  liquid  breakup  plane  (in  Fig.  8)  can  be 
expressed  as  follows: 

Mass  flux:  ^  p/iX  ~  ^Jet  + 

Momentum  flux:  +  ^mv  =  ^fet  +  ^nw  (3) 


997 


614 


L.  P.  CHIN  ET  AL. 


Kinetic  energy  flux:  -  “  g  PA^t  A'a  ^ke 

Surface  energy  flux:  JtonX  X  A  A^  =  JtpDje,t/jg,  +  5^  (5) 

In  these  constraints,  Py  represents  the  joint  probability  of  finding  a  droplet  having  diameter 
D,  and  velocity  U/,  and  U,,,  are  the  diameter  of  the  nozzle  exit  and  the  mean  liquid 
velocity  leaving  the  nozzle  exit;  p  and  o  are  the  density  and  the  surface  tension  of  the  liquid 
at  room  temperature;  h  is  the  number  of  droplets  produced  per  unit  time.  The  source  terms, 
Sk,,  and  S,,,  account  for  the  transport  effects  of  mass,  momentum,  and  energy 
between  the  two  phases  (liquid  and  gas)  in  the  region  of  continuous  liquid  jet  column.  In 
addition,  the  sum  of  probability  equals  1;  that  is,  Pjj  =  1- 

The  two  new  constraints  mentioned  above  can  be  expressed  as  follows: 

Spherical  droplets:  u  X S ^ ^ 


Nonspherical  droplets:  /i  X  Z 


4 


(7) 


Djq  (mass  mean  diameter)  and  (initial  mean  liqmd  velocity)  are  chosen  to 
nondimensionalize  the  size  (D  =  DID^q)  and  velocity  (U  =  f/ /  )  of  the  droplets, 

respectively.  Thus,  the  constraint  of  normalization  can  be  expressed  in  integral  form  as 

\\fdDdU  =  1. 

Since  the  droplets  are  assumed  to  be  produced  in  a  saturated  air  environment,  there 
is  no  mass  flux  loss  or  gain  during  the  breakup  process,  and,  the  mass  flow  rate  at  surface 
1  and  surface  2  are  equal  on  a  time- averaged  basis  (5„j  =  0).  The  constraints  defined  in  Eqs. 
(2)-(7)  have  the  following  integral  form: 


^^fD^dDdU 

=  1 

(8) 

jjfD^UdDdU 

=  1 

(9) 

jjfD^U^dDdU 

=  1  +^ke 

(10) 

B^jfD'^dDdU 

=  2B/3Dj„  +S„ 

(11) 

jj{f/D)dDdU 

=  c_, 

(12) 
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(13) 


Here,  B  =  12AVe  and  We  =  pf/?t  i"  Eq.  (11).  /  is  the  continuous  joint  probability 

density  function  (PDF)  of  P,y.  By  maximizing  Shannon’s  entropy  (S)  subject  to  the  above 
constraints  [Eqs.  (8)-(13)],  /  will  have  the  following  form: 

f  =  3D^  eKp{-aQ-aiD^ -a^D^U -a^D^U'^ -a^BD^ -a^D*' -a(,D  ')  (14) 

Further  discussion  of  the  constraint  given  in  Eq.  (12)  is  necessary  because  this 
constraint  is  similar  to  one  used  by  Sellens  [11].  However,  the  physical  motivation  is 
entirely  different.  In  Sellen’s  formulation  this  constraint  is  introduced  to  reduce  his  PDF 
at  small  droplet  sizes — otherwise  the  PDF  does  not  go  to  zero  as  droplet  sizes  go  to  zero. 
In  our  formulation,  the  PDF  goes  to  zero  as  droplet  sizes  go  to  zero  without  this  consttaint 
[Eq.  (12)].  The  two  new  constraints  introduced  in  this  model  account  for  the  sphericity  of 
the  small  satellite  drops  [Eq.  (12)]  and  the  nonsphericity  of  the  large  primary  drops 
[Eq.  (13)]. 

Estimates  of  Source  Terms  and  Constants:  Smv>S|,e,Sse5C.i,andC+i 

In  order  to  predict  the  droplet  size  distribution  from  a  liquid  cylindrical  jet,  the 
quantities  on  the  right-hand  side  of  the  constraints  [Eqs.  (8)-(  1 3)]  are  required  to  be  known. 
Similar  to  the  procedure  used  in  the  previous  studies  [4,  8],  the  source  terms  and  the  two 
constants  C_,  and  C+,  are  estimated  based  on  some  measured  mean  droplet  data,  such  as 
mass  mean  diameter  (D30),  Sauter  mean  diameter  mean_velocity  etc.  The 

following  source  terms  were  obtained  (explanation  will  follow);  =  0.037,  =  0.08, 

5,,  =  0.041,  C.,  =  2.23  and  Q  =  0-76. 

The  values  of  and  were  obtained  from  the  measurements  of  and  U,„. 
Using  the  control  volume  shown  in  Fig.  8,  and  knowing_m  and  the  velocities  into  and  out 

ofthecontrolvolume(t/j«  =  4.0m/sandt/„  =  4.15m/s),  andS^  were  computed.  They 

were  found  to  be  0.037  and  0.08,  respectively.  Since  total  energy  must  be  conserved  for  the 
sum  of  kinetic  energy,  surface  energy,  and  potential  energy  (2  ghlU-^g^  =  0.12),  is 
determined  to  be  about  0.04. 

There  are  two  ways  of  evaluating  C_i  and  Qi- 

1.  C.,  and  C+,  can  be  estimated  from  measured  values  of  D30  and  D32.  In  this  case, 
D30  and  Dj2  were  found  to  be  1 . 10  and  1.33  mm,  respectively.  If  one  assumes  that 
the  number  of  satellite  drops  equals  the  number  of  primary  drops,  then 


D30  - 


^  + 


D 


D32 


pf  +  dI 
pf  +  d| 


(15) 


(16) 
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where  Dj  is  the  mean  diameter  of  the  satellite  drops,  and  D2  is  the  mean  diameter 
of  the  primary  drops.  Solving  Eqs.  (15)  and  (16)  for  Dj  and  D2  yields  Dj  =  0.30 
mm  and  D2  =  1.37  mm.  Because 


(17) 


-  A  ^2 
%/2 


(18) 


Eq.  (17)  yields  C.,  =  2.23  and  Eq.  (18)  yields  Q  =  0.76.  In  summary,  to  evaluate 
the  constraints  using  this  method,  the  following  measurements  are  required:  D32, 
D30,  f/jet,  and  breakup  length,  h  (where  the  measurements  were  made). 

2.  Equations  ( 1 2)  and  ( 1 3)  are  used  to  calculate  C_,  and  C+j  directly  from  experimen¬ 
tal  measurements  on  individual  droplets.  This  yields  C_i  =  2.49  and  Qj  =  0.77. 
The  resulting  distribution  is  essentially  the  same  as  that  shown  in  Fig.  4. 

It  is  very  important  to  emphasize  that  the  procedure  described  above  is  not  merely 
a  curve-fitting  technique.  Although  the  continuous  joint  probability  distribution  function 
[Eq.  (14)]  has  seven  constants  (Lagrange  multipliers  tto—  ot^),  it  was  derived  from  a  well- 
established  statistical  method  in  terms  of  a  set  of  physical  constraints.  These  constants 
cannot  be  chosen  freely,  but  are  solved  according  to  the  seven  constraints  imposed.  If  a 
pure  curve-fitting  method  (e.g,  least-squares  method)  is  used  to  calculate  the  seven 
constants  based  on  direct  experimental  measurements,  the  resulting  distribution  function 
will  not  be  guaranteed  to  satisfy  all  the  constraints  [normalization  and  Eqs.  (8)"(13)] 
required  physically. 


Domain  of  Integration 

In  this  section  we  will  respond  to  a  point  raised  by  van  der  Geld  and  Vermeer  [13] 
regarding  the  sensitivity  of  the  predicted  size  distribution  function  to  the  domain  of 
integration.  The  limits  of  integration  chosen  to  predict  the  droplet  distributions  are  impor¬ 
tant  only  when  the  resulting  probabilities  do  not  approach  zero  near  the  integration  limits. 
For  the  domain  of  droplet  size,  the  upper  limit  should  be  chosen  such  that  the  PDF 
approaches  zero  at  the  limit  of  integration.  The  results  presented  in  Figs.  7  and  8  of  [13] 
clearly  show  several  distributions  that  increase  exponentially  near  the  upper  limit  of 
integration.  This,  of  course,  is  not  physically  reasonable.  If  we  obtained  such  a  result,  which 
we  did  not,  it  would  not  be  accepted  as  a  correctly  predicted  distribution.  The  reasons  for 
predicting  such  unrealistic  distributions  are  twofold:  (1)  The  spray  quantities  [right-hand 
sides  of  Eqs.  (9)-(13)]  in  the  set  of  constraints  are  not  prescribed  appropriately,  that  is, 
unreasonable  estimates  are  made  of  the  spray  quantities;  (2)  an  incomplete  set  of  con¬ 
straints  are  imposed,  thus  resulting  in  a  distribution  of  improper  functional  form.  In  our 
opinion,  it  is  not  appropriate  to  justify  the  sensitivity  of  integration  domains  based  on 
results  (as  presented  in  [13])  that  were  obtained  using  either  unreasonable  estimates  of  the 
spray  quantities  or  an  incomplete  set  of  constraints.  For  the  present  model,  if  the  predicted 


1000 


BREAKUP  OF  A  CYLINDRICAL  LIQUID  JET 


617 


droplet  size  distribution  is  physically  reasonable  (as  in  the  case  presented  in  this  article  as 
well  as  those  in  [4]  and  [8]),  then  the  integration  limits  will  not  have  an  effect  on  die  results. 

In  the  integration  domain  for  droplet  velocity,  the  effect  of  integration  limits  appears 
only  for  small  droplets  ( D  ^  1),  because  the  amplitude  of  velocity  PDF  for  small  droplet 
sizes  approaches  zero  at  both  velocity  limits  very  slowly.  As  a  result,  the  velocity  distri¬ 
bution  for  small  droplets  is  much  wider  than  that  for  large  droplets  (see  Fig.  8a  in  [8]).  To 
minimize  the  influence  of  the  velocity  domain,  one  can  expand  the  velocity  domain  further 
such  that  the  PDF  becomes  sufficiently  small  near  the  limits  (an  infinite  velocity  domain 
is  ideal,  but  computationally  impossible).  It  is  important  to  emphasize,  however,  that  the 
velocity  domain  has  very  little  influence  on  the  droplet  size  distribution  as  long  as  the 
domain  is  sufficiently  large.  The  sensitivity  of  the  predicted  PDF  on  the  integration  domain 
as  presented  by  van  der  Weld  and  Vermeer  has  not  been  observed  by  us. 


RESULTS  AND  DISCUSSION 


Once  the  source  terms  and  constants  in  the  constrains  are  determined,  the  droplet 
size  distribution  is  obtained  by  integrating  Eq.  (14)  over  U .  This  yields 
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where  e(D,t7)  =  erf{X„ax)  “  erf(X„i„)  and  erf(X)  is  the  error  function  of  X : 
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Here,  N  is  the  normalized  droplet  number,  and  and  are  the  integration  limits. 

The  solid  line  in  Fig.  4  shows  the  predicted  size  distribution  from  Eq.  (19),  where  the 
values  of  the  source  terms,  and  listed  above,  are  used.  One  can  see  that  there  is 
reasonably  good  agreement  between  the  experimental  size  distribution  and  the  computed 
size  distribution.  A  predicted  size  distribution  having  the  same  source  terms  without 
constraints  C_i,  and  C+,  is  also  shown  in  Fig.  4.  This  plot  is  not  bimodal  and  does  not  agree 
with  the  experimental  data.  Thus,  to  obtain  a  bimodal  size  distribution  for  Rayleigh  breakup 
of  a  cylindrical  jet  using  the  maximum  entropy  principle,  one  must  introduce  additional 

constraints  such  as  C_j,  and  C+,  in  our  model. 

In  Fig.  9  are  plots  of  the  experimental  and  computed  velocity  distributions  obtained 
from  the  probability  density  function  [Eq.  (14)].  Again,  it  is  seen  that  there  is  reasonably 
good  agreement  between  experimental  and  computed  velocity  distributions.  It  should  be 
noted  that  the  velocity  distribution  for  both  the  experimental  and  computed  curves  are 
broad  at  the  base  and  merge  rather  abruptly  into  a  rather  narrow  distribution  that  is  not  a 
Gaussian  shape,  T^  further  explain  this  non-Gaussian  shape,  the  joint  probability  distribu¬ 
tion  function,  /{d,  f/),  is  plotted  in  Fig.  10.  The  velocity  distributions  for  the  satellite 
drops  and  the  primary  drops  are  Gaussian  individually,  but  the  integrated  velocity  distri¬ 
bution  is  a  non-Gaussian  distribution.  Figure  10  shows  that  the  satellite  drops  have  a  much 
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Fig.  9  Comparison  between  experimental  data  and  predicted  droplet  veloc¬ 
ity  distribution. 


broader  velocity  distribution  than  the  primary  drops.  Physically,  one  would  expect  a 
broader  velocity  distribution  for  the  satellite  drops  because  their  velocity  variance  depends 
to  a  large  extent  on  where  the  ligament  separation  first  occurs — on  the  fore  side  of  the 
primary  drop  (giving  the  satellite  a  higher  velocity)  or  on  the  aft  side  of  the  primary  drop 


Fig.  10  Three-dimensional  plot  of  predicted  joint  probability  distribution 
function. 
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(giving  the  satellite  a  lower  velocity).  Thus,  the  maximum  entropy  solution  predicts  a 
velocity  distribution  that  accounts  for  the  effect  of  ligament  separation  without  specifically 
considering  this  in  the  formulation  of  the  problem.  This  illustrates  the  point  that  the  detailed 
physical  processes  involving  the  transition  from  one  equilibrium  state  to  another  equilib¬ 
rium  state  play  no  role  in  the  maximum  entropy  approach. 

A  question  arises:  What  would  happen  if  the  constraints  involving  nonsphericity  (C_, 
and  C+i)  were  introduced  to  formulate  a  pressure  atomizer  experiment  [8]  where  the 
measured  size  distribution  is  not  bimodal?  Figure  11  shows  the  predicted  droplet  size 
distribution  (labeled  Model  A)  presented  in  [8]  without  the  constraints  C_i  and  C+j.  The 
curve  labeled  Model  B  is  a  plot  where  C_,  =  2.10  and  Q,  =  0.73  (the  other  constraints  in 
both  models  are  kept  the  same).  The  values  of  C.i  and  C+j  were  obtained  by  evaluating  Eqs. 
(12)  and  (13)  from  the  measurement  data  for  the  pressure  atomizer.  Even  though  and 
C+i  were  introduced,  there  is  no  bimodal  size  distribution  (Model  B) — it  remains  skewed 
monomodal.  Thus  the  introduction  of  the  constraints  C_i  and  <^oes  not  necessarily  result 
in  a  bimodal  size  distribution.  A  bimodal  size  distribution  depends  on  the  other  constraints 
(involving  conservation  of  mass,  momentum,  surface  energy,  and  kinetic  energy)  as  well. 

Rayleigh  breakup  of  a  cylindrical  liquid  jet  without  satellites  was  also  examined  [4]. 
This  system  results  in  a  distribution  that  is  uniform  in  size  and  velocity.  The  values  of  C_i 
and  C+i  obtained  from  experimental  data  are  l"^  and  1",  respectively.  Using  C_i  =  1.04  and 
C+i  =  0.98,  the  resulting  droplet  size  (and  velocity)  is  uniform— not  exhibiting  any  bimodal 
shape. 

In  summary,  the  occurence  of  a  bimodal  size  distribution  depends  on  the  entire  set 
of  constraints  imposed,  not  just  the  introduction  of  C_j  and  C+j. 

CONCLUSIONS 

A  model  based  on  the  maximum  entropy  formulation  has  been  derived  for  a  system 
experiencing  Rayleigh  jet  breakup  with  satellite  droplets.  The  agreement  between  theory 


1.5 


Fig.  11  Plot  of  computed  and  measured  droplet  size  distribution  from  a  pres¬ 
surized  atomizer. 
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and  experiment  is  reasonably  good.  Both  the  computed  velocity  and  the  size  distributions 
agree  with  the  measured  distributions.  In  order  to  obtain  a  bimodal  size  distribution 
function,  it  was  necessary  to  modify  the  previous  model  [4]  to  account  for  the  nonsphericity 
of  the  large  droplets.  Two  new  constraints  as  expressed  in  Eqs.  (12)  and  (13)  were 
introduced.  The  integrated  velocity  distributions  from  both  the  experiments  and  the  model 
were  not  Gaussian.  In  conclusion,  the  maximum  entropy  model  is  very  robust  for  predicting 
complicated  droplet  size  and  velocity  distributions  of  sprays  under  a  variety  of  flow 
conditions. 
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Abstract— In  this  paper,  we  present  the  time-dependent  axisymmetric  numerical  simulation  of  a  n-heptane 
evaporating  spray,  and  investigate  the  droplet-vortex  interactions  which  determine  the  structural  and 
dynamic  characteristics  of  a  spray  jet  flow.  The  spray  is  formed  between  a  droplet-laden  heated  nitrogen 
jet  and  a  coflowing  air  stream.  A  detailed,  multidimensional,  two-phase  algonthm  is  developed  for  the 
simulation.  Monodisperse  spray  is  introduced  into  the  large  vortex  structures  that  are  generated  by  the 
buoyancy-induced  hydrodynamic  instability  of  the  heated  jet.  Results  focus  on  the  two-way  interactions 
between  vortical  structures  and  droplets,  and  the  dynamics  of  both  non-evaporating  and  evaporating 
sprays.  The  vortex  structures  cause  droplets  to  disperse  radially  outward,  and  this  in  turn  detenmnes 
the  fuel  vapor  distribution  and  also  modifies  the  vortex  dynamics.  Thus,  the  dynamics  and  structural 
characteristics  of  evaporating  sprays  are  strongly  influenced  by  the  two-way  transient  interactions  The 
effects  of  initial  droplet  size,  injection  location,  and  liquid-to-gas  mass  loading  ratio  on  these  interactions 
are  investigated.  These  studies  indicate  that  the  effect  of  dispersed  phase  on  gas  phase  is  negligible  for  mass 
loading  ratio  less  than  0.5.  At  higher  mass  loading  ratios,  the  dispersed  phase  moc^es  the  dynamics  ot 
vortex  structures  but  not  the  time-average  behavior  for  non-evaporating  spray,  while  for  evaporating  spray 
it  influences  both  the  dynamics  and  the  time-averaged  behavior.  It  is  also  found  that  Ae 
characteristics  have  strong  influence  on  the  processes  of  droplet-vortex  interacUons.  Copyright  ©  lyy 

Flsftvifir  5Icience  Ltd. 


INTRODUCTION 

Large-scale,  coherent  vortical  structures  have  been 
found  to  exist  in  a  variety  of  shear  flows  including 
those  involving  combustion  and  multiple  phases  [1- 
4].  In  two-phase  shear  flows  involving  solid  particles 
or  liquid  droplets,  the  transient  interactions  between 
dispersed  phase  and  large  vortical  structures  are 
expected  to  play  a  central  role  in  determining  the 
dynamics  and  structural  characteristics  of  these  flows. 
The  transient  interactions  pertain  to  the  effect  of  large 
vortical  structures  on  the  behavior  of  droplets/ 
particles,  and  the  influence  of  droplets  on  the 
dynamics  of  large  vortical  structures.  These  two  effects 
coupled  in  a  nonlinear  manner ;  the  vortex  structures 
determine  the  droplet  dispersion  and  gasification 
behavior,  which  in  turn  affects  the  local  environment 
surrounding  each  droplet  and  thereby  the  dynamics 
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of  the  two-phase  system  under  consideration.  Several 
numerical  [5,  6]  and  experimental  [7-10]  studies  in 
recent  years  have  focused  on  the  one-way  coupling, 
examining  the  influence  of  large  eddies  on  the  dynam¬ 
ics  of  droplets/particles  injected  into  a  shear  flow. 
These  studies  show  that  the  effect  of  large  structures 
on  particle  motion  is  characterized  by  the  ratio  of 
particle  response  time  to  characteristic  time  of  struc¬ 
tures.  This  ratio  is  defined  as  the  Stokes  number  {St). 
When  the  particle  response  time  is  of  the  same  order 
of  magnitude  as  the  vortex  time  scale,  St  ~  0(1),  par¬ 
ticles  can  disperse  sigmficantly  more  than  the  fluid 
particles,  the  enhanced  dispersion  being  attributed  to 
the  centrifugal  action  of  vortices.  For  small  Stokes 
number,  St «  1.0,  particles  behave  similar  to  the  fluid 
particles,  while  for  large  Stokes  number,  particles 
remain  largely  unaffected  by  the  vortices.  More  recent 
works  [11,  12]  on  particle-laden  flows  have  examined 
the  effect  of  external  forcing  on  the  particle  dispersion 
behavior.  A  general  observation  from  these  studies 
[11, 12]  is  that  the  dynamics  of  vortex  structures,  and 
thereby  the  dispersion  behavior  of  particles  in  a  shear 
layer  can  be  manipulated  by  a  subharmonic  forcing 
of  the  shear  layer. 

Particle-laden  shear  flows  in  practical  applications 
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NOMENCLATURE 

Cp 

specific  heat 

u 

axial  velocity 

do 

initial  droplet  diameter 

V 

radial  velocity 

D 

vapor/air  binary  diffusion  coefficient 

Y 

mass  fraction 

9 

acceleration  of  gravity 

z 

axial  distance. 

K 

enthalpy  of  fuel  vapor  at  droplet 

surface 

Greek  svmbols 

4,eff 

effective  latent  heat,  or  the  heat 

dynamic  viscosity 

transferred  from  gas  phase  to 

A 

thermal  conductivity 

droplet 

p 

density. 

droplet  vaporization  rate 

M 

ratio  of  the  liquid  fuel  mass  flow  rate 

to  the  nitrogen  mass  flow  rate 

Subscripts 

mass  of  each  group  of  droplets 

f 

fuel  vapor 

number  of  droplets  in  each  group 

g 

gas-phase 

P 

pressure 

k 

droplet  characteristic 

r 

radial  distance 

1 

liquid-phase 

t 

time 

0 

oxygen 

T 

temperature 

s 

surface. 

involve  two-way,  nonlinear  interactions  between  the 
continuous  and  dispersed  phases.  Previous  studies 
cited  above  focus  mainly  on  the  one-way  interactions, 
i.e,  on  characterizing  the  effect  of  vortex  structures  on 
droplet  motion  and  dispersion  behavior.  The  effects  of 
dispersed  phase  on  vortex  dynamics,  and  subsequently 
on  fuel  vapor  distribution  and  flame  behavior  remain 
largely  unexplored.  In  this  paper,  we  report  a  numeri¬ 
cal  study  of  two-way  droplet-vortex  interactions  in 
an  unsteady  evaporating  spray.  The  spray  is  formed 
between  a  droplet-laden  heated  nitrogen  jet  and  a 
coflowing  air  stream.  The  jet  velocity  and  temperature 
are  considered  in  a  range  where  the  large  vortical 
structures  are  generated  due  to  the  buoyancy-induced 
hydrodynamic  instability  rather  than  the  shear- 
induced  Kelvin-Helmholtz  instability.  The  vapor¬ 
ization  characteristics  of  n-heptane  fuel  spray  under 
the  influence  of  two-way  droplet-vortex  interactions 
are  investigated.  The  additional  complexities  due  to 
chemical  reactions  and  heat  release  are  avoided  so  as 
to  focus  on  the  dynamics  of  two-way  interactions.  A 
non-evaporating  spray  is  also  analyzed  in  order  to 
distinguish  the  interactions  involving  only  momentum 
transfer  between  the  phases  from  those  involving 
mass,  momentum,  and  energy  transfer.  Results  are 
presented  that  highlight  the  dynamics  as  well  as  the 
time-averaged  structure  of  these  sprays. 


PHYSICAL  MODEL 

The  evaporating  spray  investigated  in  the  present 
study  is  shown  schematically  in  Fig.  1.  It  consists  of  a 
central  fuel  jet  which  is  a  two-phase  mixture  of  gaseous 
nitrogen  and  liquid  fuel  droplets  and  a  low-speed 
coannulus  air  flow.  The  central  jet  is  heated  primarily 
to  enhance  the  fuel  evaporation ;  however,  in  the  pre- 
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Fig.  1.  A  schematic  of  evaporating  spray  jet  at  I  g. 


sent  studies,  it  also  plays  a  key  role  for  the  formation 
of  buoyancy  induced  vortical  structures.  Numerical 
studies  on  the  two-way  interactions  between  the  vor- 
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Table  1.  Transport  coefficients  and  source  terms  appearing  in  governing  equations 
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tex  structures  and  the  evaporating  droplets  are  con¬ 
ducted  by  solving  the  unsteady,  axisymmetric  gas- 
phase  equations  that  include  the  droplet  source  terms, 
and  the  appropriate  droplet  equations. 

The  unsteady,  axisymmetric  governing  equations  in 
cylindrical  (z,  r)  coordinate  system  for  a  droplet-laden 
heated  jet  are 

d(p^)  d{pu<t>)  d(pv<l>) 

dt  ^  8z  dr 


pud) 

r  r  dr 


(1) 


The  general  form  of  equation  (1)  represents  the  con¬ 
tinuity,  momentum,  species,  or  energy  conservation 
equation  depending  on  the  variable  used  for  O,  Table 
1  gives  the  transport  coefficients  and  the  source 
terms  5g  and  S?  that  appear  in  the  governing  equa¬ 
tions.  In  this  table,  p,  A  and  Cp  represent  the  viscosity, 
the  thermal  conductivity  and  the  specific  heat,  respec¬ 
tively.  They  are  considered  functions  of  temperature 
and  species  concentration. 

The  effect  of  dispersed  phase  on  gas-phase  proper¬ 
ties  is  incorporated  through  the  source/sink  terms 
(SJ**),  representing  the  exchange  of  mass,  momentum, 
and  energy  between  the  gas  and  hquid  phases.  In  order 
to  evaluate  these  terms,  it  is  necessary  to  establish 
droplet  trajectories,  size  and  temperature  histories. 
The  Lagrangian  approach  is  employed  to  solve  the 
liquid-phase  governing  equations  for  the  dynamics 
and  vaporization  history  of  each  droplet  group.  The 
spray  is  characterized  by  a  discrete  number  of  droplet 
groups,  distinguished  by  their  injection  location, 
initial  size  and  time  of  injection.  A  droplet  group  in  a 
Lagrangian  treatment  represents  a  characteristic  con¬ 
taining  a  finite  number  of  droplets.  Since  an  axi¬ 


symmetric  configuration  is  analyzed,  the  liquid 
properties  are  implicitly  averaged  in  the  azimuthal 
direction  and  the  number  of  droplets  associated  with 
each  characteristic  represents  droplets  uniformly  dis¬ 
tributed  in  an  annual  ring.  The  equations  governing 
the  variation  of  position,  velocity,  and  size  for  each 
droplet  group  and  other  expressions  are  available  in 
ref.  [13].  A  comprehensive  vaporization  model  is 
employed  to  calculate  the  instantaneous  droplet  size 
and  surface  temperature  along  the  trajectory  of  each 
group.  The  model  includes  the  effects  of  variable  ther¬ 
mophysical  properties,  non-unity  Lewis  number  in  the 
gas  film  outside  the  droplet,  the  effect  of  Stefan  flow 
on  the  heat  and  mass  transfer  between  the  droplet  and 
the  gas,  and  the  effect  of  transient  liquid  heating.  The 
variable  thermophysical  properties  are  calculated  at 
reference  film  temperature  and  concentrations, 
obtained  by  using  the  1/3  rule,  except  for  the  gas 
density  which  is  calculated  at  the  free  stream  value 
[14].  The  Wilke  rule  [15]  is  used  to  calculate  the 
dynamic  viscosity  and  thermal  conductivity  of  the  gas 
film.  The  liquid  fuel  (n-C7Hi6)  properties  are  collected 
from  the  various  sources  and  approximated  as  a  func¬ 
tion  of  the  temperature  [13].  The  effect  of  transient 
liquid  heating  is  incorporated  by  using  the  finite-con¬ 
ductivity  model  [16].  This  model  is  deemed  sat¬ 
isfactory  in  the  present  study,  since  the  maximum 
droplet  Reynolds  number  during  droplet  lifetime  is 
less  than  ten  and  thus  the  effect  of  internal  circulation 
is  expected  to  be  negligible.  For  the  same  reason,  the 
effects  of  gas-phase  convection  on  the  heat  and  mass 
transport  are  represented  by  the  Ranz— Marshall  cor¬ 
relation  [16]. 


SOLUTION  PROCEDURE 

The  numerical  solution  of  the  unsteady  two-phase 
equations  employs  an  implicit  algorithm  for  solving 
the  gas-phase  equations,  and  an  explicit  Rimge-Kutta 
procedure  for  the  liquid-phase  equations.  The  finite- 
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difference  forms  of  the  momentum  equations  are 
obtained  using  an  implicit  QUICKEST  scheme  [17], 
while  those  of  the  species  and  energy  equations  are 
obtained  using  a  hybrid  scheme  of  Spalding  [18].  A 
“finite  control  volume”  approach  with  a  staggered, 
non-uniform  grid  system  is  utilized.  Body  force  term 
due  to  gravitational  field  is  included  in  the  axial 
momentum  equation  for  gas-phase  and  the  droplet 
motion  equation  for  liquid-phase.  An  iterative  ADI 
(Alternative  Direction  Implicit)  technique  is  used  for 
solving  the  resulting  sets  of  algebraic  equations.  A 
stable  numerical  integration  procedure  is  achieved  by 
coupling  the  species  and  energy  equations  through  the 
source  terms  (cf.  Table  1).  At  every  time  step,  the 
pressure  field  is  calculated  by  solving  the  pressure  Pois¬ 
son  equations  simultaneously  and  utilizing  the  LU 
(Lower  and  Upper  diagonal)  matrix  decomposition 
technique.  It  should  be  noted  that  the  pressure  Poisson 
equations  consider  the  effect  of  mass  transfer  from  the 
liquid  phase  to  the  gas  phase,  represented  by  a  source 
term  in  the  gas-phase  mass  continuity  equation. 

The  liquid-phase  equations  are  advanced  in  time  by 
a  second-order  accurate  Runge-Kutta  method.  Since 
the  gas-phase  solution  employs  an  implicit  procedure, 
the  temporal  step  size  used  for  integrating  the  liquid- 
phase  equations  is  smaller  than  that  for  gas-phase  equa¬ 
tions.  An  automatic  procedure  is  implemented  in  order 
to  select  an  optimum  liquid-phase  time  step.  The  pro¬ 
cedure  involves  calculating  the  characteristic  thermal 
response  time,  velocity  response  time  and  vaporization 
time  for  each  droplet  group,  and  then  selecting  the 
temporal  step  size  as  a  fraction  (one-hundredth)  of  the 
smallest  of  these  time  scales.  A  detailed  examination  of 
the  various  time  scales,  based  on  numerical  exper¬ 
iments,  revealed  that  the  temporal  step  size  is  deter¬ 
mined  by  either  the  thermal  response  time  or  the  vel¬ 
ocity  response  time  of  a  given  droplet  group.  The 
number  of  subcycles  for  advancing  the  liquid-phase 
solution  for  each  gas-phase  cycle  typically  varies  from 
two  to  ten,  depending  upon  the  droplet  size. 

The  procedure  to  advance  the  two-phase  solution 
over  one  gas-phase  time  step  is  as  follows.  Using  the 
known  gas-phase  properties,  the  liquid-phase  equa¬ 
tions  are  solved  over  a  specified  number  of  liquid- 
phase  subcycles.  A  third-order  accurate  Lagrangian 
polynomial  method  is  used  for  interpolating  the  gas- 
phase  properties  from  the  non-uniform  fixed  grid  to 
the  droplet  characteristic  location.  It  should  be  noted 
that  the  interpolation  scheme  for  the  gas-phase  vel¬ 
ocities  u  and  V  is  based  on  their  respective  grid  cells 
because  of  the  use  of  a  staggered  grid  in  gas-phase 
calculation.  The  droplet  properties  are  updated  after 
every  liquid-phase  subcycle.  Also,  during  each  subcy¬ 
cle,  the  liquid-phase  source  terms  appearing  in  the  gas- 
phase  equations  are  calculated  at  the  characteristic 
location,  and  then  distributed  to  the  surrounding  gas- 
phase  grid  points.  These  source  terms  are  added  at 
each  gas-phase  grid  points  during  one  gas-phase  time 
step  and  then  used  in  the  implicit  solution  of  the  gas- 
phase  equations. 


RESULTS 

The  jet  diameter  of  the  vertically  mounted  evap¬ 
orating  spray  considered  in  the  present  study  is  2.54 
cm.  The  jet  velocities  for  the  central  fuel  and  coan- 
nular  air  streams  are  1.0  and  0.2  m  s"^  respectively. 
Flat  velocity  profiles  are  used  as  the  inflow  conditions. 
Temperature  chosen  for  the  fuel  jet  is  1200  K  while 
that  of  the  surrounding  annulus  air  is  294  K.  Cal¬ 
culations  are  made  for  a  physical  domain  having 
dimensions  of  15  and  40  cm  in  the  radial  and  axial 
direction,  respectively.  It  should  be  noted  that  the 
physical  domain  used  in  the  calculations  is  much 
larger  than  the  domain  of  interest  (3  x  20  cm)  and 
hence,  the  results  are  not  influenced  by  the  com¬ 
putational  boundaries.  Results  reported  in  the  present 
paper  are  obtained  using  a  grid  system  having  151  and 
61  points  in  the  axial  and  radial  directions,  respec¬ 
tively.  Grid  lines  are  clustered  near  the  shear  layer  to 
resolve  the  steep  gradients  of  the  dependent  variables. 
Calculations  are  advanced  in  time  utilizing  a  low  CFL 
number  of  0.2.  In  an  earlier  study  [13],  it  was  found 
that  the  results  obtained  on  a  151x61  mesh  system 
(with  grid  spacings  similar  to  the  ones  used  in  the 
present  investigation)  and  using  a  CFL  number  less 
than  0.5  are  grid  independent  and  time  accurate. 

Numerical  experiments  are  conducted  by  injecting 
different  groups  of  droplets  into  the  fuel  stream  to 
examine  the  changes  in  the  flow  structure  due  to  the 
two-way  nonlinear,  two-phase  interactions.  The  injec¬ 
tion  process  consists  of  introducing  a  group  of  mono- 
disperse  droplets  at  a  given  instant  of  time.  The  num¬ 
ber  of  droplets  in  each  group  depends  on  the  mass 
loading  (ratio  of  the  liquid  fuel  mass  flow  rate  to 
the  nitrogen  mass  flow  rate),  initial  droplet  size,  and 
injection  time  interval.  As  a  base  case  for  the  spray 
calculations  reported  in  this  work,  a  monodisperse  n- 
heptane  spray  with  an  initial  diameter  of  200  pim  and 
mass  loading  of  unity  is  considered.  At  a  mass  loading 
of  unity,  the  volume  occupied  by  liquid  phase  is  about 
three  orders  of  magnitude  smaller  than  that  of  the 
gas-phase  volume  due  to  the  high  density  of  the  liquid 
fuel  and  hence,  the  dilute-spray  assumption  is  still 
valid.  At  higher  mass  loading,  however,  the  assump¬ 
tion  would  become  increasingly  more  questionable. 
For  this  reason,  the  mass  loading  of  unity  is  the  highest 
loading  considered  in  the  present  study.  The  droplets 
are  injected  continuously  into  the  jet  shear  layer  from 
a  radial  location  of  1.25  cm.  A  time  difference  of 
1.428  ms  (=9  A/gas)  is  used  between  two  consecutive 
injections  for  all  the  spray  calculations  reported  in  this 
work.  This  time  interval  was  determined  based  on  the 
constraint  that  the  spatial  separation  between  twO' 
successive  droplet  groups  is  large  enough  for  neg¬ 
lecting  the  interaction  between  the  droplets.  This 
yields  the  number  of  droplets  in  each  group  to  be  76. 
Three  different  droplet  injection  intervals  are  chosen 
to  examine  their  effect  on  the  time-averaged  tem¬ 
perature  and  axial  velocity  profiles  in  the  flow  field. 
Figure  2  shows  the  time-averaged  axial  profiles  of 
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Fig.  2.  Effect  of  droplet  interval  on  the  time-averaged  temperature  and  axial  velocity  profiles  of  200-^m 
evaporating  spray  with  mass  loading  value  of  Af  =  1.0. 


temperature  and  axial  velocity  for  the  three  cases.  As 
expected,  the  average  temperature  decreases  along  the 
jet  axis  due  to  gas-phase  heat  transport  processes  and 
cooling  caused  by  the  dispersed  phase.  The  average 
axial  velocity,  however,  increases  in  the  axial  direction 
due  to  buoyant  acceleration.  The  important  obser¬ 
vation  is  that  the  gas-phase  calculations  are  not  sen¬ 
sitive  to  the  droplet  injection  interval  used  for  the  base 
case. 

The  effect  of  dispersed  phase  on  the  dynamics  of 
vortex  structures  and  heated  jet  is  portrayed  in  Figs. 
3  and  4.  Calculations  are  initially  made  without  inject- 
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Fig.  3.  Instantaneous  iso-temperature  contours  for  the 
heated  jet:  (a)  without  fuel  spray ;  (b)  with  fuel  spray. 


ing  droplets  into  the  fuel  stream.  The  shear  layer 
between  the  1200-K  nitrogen  jet  and  the  cold  annulus 
air  flow  became  unsteady  with  the  development  of 
large-scale  vortices.  Iso- temperature  contours  of  this 
heated  jet  are  shown  in  Fig.  3(a).  It  is  important  to 
note  that  these  vortical  structures  are  generated  with¬ 
out  using  any  external  forcing,  and  their  dynamics  is 
found  to  be  highly  periodic.  The  role  of  gravity  on  the 


no  spray  spray 


Fig.  4.  Time  evolution  of  temperature  contours  at  axial 
location  of  10  cm  above  the  inlet  for  the  cases  of  Fig.  3. 
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dynamics  of  the  heated  jet  was  confirmed  by  performing 
numerical  experiments.  When  the  gravitational  term 
in  the  axial  momentum  was  set  equal  to  zero,  the 
simulation  yielded  a  steady  laminar  jet  flow.  This 
observation  is  in  contrast  with  that  made  for  heated 
jet  flows  at  higher  Reynolds  number,  in  which  Kelvin- 
Helmholtz  instabilities  develop  independent  of  the 
assumption  made  for  gravitational  force.  Most  of  the 
experimental  studies  on  heated  jets  [19,  20]  were 
focused  on  the  higher  Reynolds-number  flow  and  did 
not  provide  insight  on  buoyancy-induced  instabilities. 
However,  the  latter  ones  were  extensively  investigated 
experimentally  in  jet  diffusion  flames  [21,  22]  and 
helium  jets  [23].  The  numerical  studies  [24,  25]  per¬ 
formed  on  these  flames  and  helium  jet  flows  using 
the  code  discussed  in  the  present  study  predicted  the 
growth  of  buoyancy-induced  instabilities  very  accu¬ 
rately. 

Instantaneous  iso-temperature  contours  for  the 
case  with  fuel  spray  [plotted  in  Fig.  3(b)]  are  compared 
with  the  ones  obtained  without  introducing  fuel  spray 
in  Fig.  3(a).  All  the  droplet  source  terms  (Table  1) 
are  incorporated  in  the  gas-phase  equations  for  the 
simulation  with  fuel  spray.  For  both  the  cases,  the 
buoyancy-induced  vortex  structures  shown  in  Fig.  3 
appear  naturally  without  any  external  forcing.  It  is 
apparent  from  the  figure  that  the  injection  of  200-^m 
droplets  into  the  shear  layer  weakened  the  vortical 
structures  and  decreased  the  spreading  of  the  heated 
jet.  The  weakening  of  vortical  structures  is  probably 
caused  by  the  cooling  effect  of  the  dispersed  plane, 
while  the  decrease  in  the  spreading  rate  may  be 
expected  due  to  fact  that  the  addition  of  fuel  spray  to 
the  nitrogen  gas  increases  the  jet  momentum.  Figure 
3  further  indicates  that  the  jet  oscillations  are  highly 
coherent  for  the  gaseous  (no  spray)  case  and  some¬ 
what  less  coherent  for  the  spray  case.  Since  the  pres¬ 
ence  of  liquid  phase  modifies  the  spectral  charac¬ 
teristics  or  the  dominant  instability  frequency,  an 
attempt  was  made  to  phase-lock  the  instantaneous 
images  for  the  two  cases.  Consequently,  the  tem¬ 
perature  contour  plots  in  Fig.  3  for  the  gaseous  and 
spray  cases  represent  the  results  that  are  obtained  at 
slightly  different  times  from  the  start  of  the  respective 
calculation. 

The  dynamics  of  vortex  structures  is  examined  by 
plotting  the  time' evolution  of  temperature  contours 
in  Fig.  4,  Temperature  data  along  the  radial  location 
at  an  axial  location  of  1 0  cm  above  the  jet  exit  for  the 
gaseous  and  spray  cases  are  recorded  over  a  time 
period  of  250  ms  and  shown  in  this  figure.  Again,  an 
attempt  was  made  to  phase-lock  the  images  for  the 
gaseous  and  spray  case.  It  can  be  seen  from  Fig.  4(a) 
that  the  vortex  structures  in  the  case  of  gaseous  jet  are 
highly  coherent  and  periodic.  With  the  addition  of 
fuel  spray  the  dynamics  of  jet  has  become  aperiodic 
and  the  vortex  crossing  frequency  (obtained  by  coun¬ 
ting  the  number  of  vortices  in  a  fixed  time  interval) 
has  increased  by  about  30%.  This  can  be  confirmed 
by  performing  the  spectral  analysis  at  different  axial 


locations  in  the  shear  layer.  Temperature  data  were 
recorded  at  different  locations  during  more  than  10 
vortex  crossing  times  (4096  Atgas).  Figure  5  clearly 
shows  that  the  dominant  frequency  for  the  spray  case 
is  increased  to  20.5  Hz  which  is  about  30%  higher 
compared  to  the  frequency  observed  for  the  gaseous 
jet  case.  In  addition,  the  deterioration  in  coherency 
can  be  seen  for  the  spray  case.  The  increase  in  fre¬ 
quency  for  the  spray  case  is  resulting  from  the  momen¬ 
tum  transfer  between  the  liquid  drops  and  the  gaseous 
flow.  The  fuel  drops  are  injected  into  the  gaseous  jet 
shear  layer  at  the  same  velocity  as  that  of  the  local  gas 
velocity  which  yields  higher  momentum  to  the  fuel 
drops.  As  the  gaseous  flow  and  drops  convect  down¬ 
stream,  the  higher  momentum  of  the  latter  transfer 
to  the  former  which,  in  turn,  increases  the  local  gas 
velocity.  As  a  result,  the  crossing  frequency  of  the 
vortices  in  the  shear  layer,  which  is  proportional  to 
the  local  gas  velocity,  also  increases.  The  increase  in 
frequency  is  observed  for  both  non-evaporating  and 
evaporating  sprays,  implying  again  that  this  is  pri¬ 
marily  a  momentum-transfer  effect.  It  is  also  inter¬ 
esting  to  note  that  no  vortex  merging  is  observed  for 
these  two  cases. 

Effect  of  liquid  mass  loading 

The  structural  changes  noted  in  a  buoyancy  driven 
heated  jet  with  the  addition  of  fuel  spray  are  resulting 
from  (1)  liquid  mass  loading,  (2)  droplet  evaporation 
and  (3)  the  two-way  interaction  between  vortices  and 
droplets.  To  further  understand  the  impact  of  the 
above  individual  parameters,  numerical  experiments 
are  performed  by  changing  the  liquid  mass  loading, 
evaporation  characteristics,  spray  injection  location 
and  droplet  size. 

The  instantaneous  iso-temperature  contours  for  five 
different  mass  loading  values  {M  =  0, 0,125,  0.25,  0.5 
and  1.0)  for  a  non-evaporating  spray  are  shown  in 
Fig.  6.  Again,  the  images  shown  in  Fig,  6  are  phase 
locked.  Liquid  mass  flow  rate  is  controlled  by  chan¬ 
ging  the  number  of  droplets  in  each  injected  group. 
As  the  droplets  are  assumed  to  be  non-evaporating  in 
this  case,  only  the  source  terms  in  the  momentum 
equation  (cf.  Table  1)  are  considered  in  the  gas-phase 
equations.  In  other  words,  only  the  momenta  are  ex¬ 
changed  in  this  two-phase  flow  calculation.  The  single¬ 
phase  gaseous  flow  shown  in  Fig.  3(a)  may  be  approxi¬ 
mated  as  a  non-evaporating  spray  in  the  limiting  case 
of  iVf  =  0  [Fig.  6(a)],  It  seems  that  the  structural 
characteristics  of  low  mass  loading  cases  like 
M  =  0.125  and  0.25  are  similar  to  that  of  single-phase 
flow  even  though  the  vortex-crossing  frequencies  in 
these  flows  are  somewhat  different.  The  time  history 
plots  of  the  dynamic  heated  jets  for  different  mass 
loading  values  are  shown  in  Fig.  7.  This  plot  clearly 
shows  the  changes  in  the  sizes  of  the  vortex  structures 
and  their  crossing  frequency  for  different  cases.  It  may 
be  observed  from  Fig,  7  that  as  the  mass  loading 
ratio  is  increased,  the  crossing  frequency  of  vortex 
structures  is  also  increasing.  At  higher  mass  loading 


1010 


Droplet-vortex  interactions  in  an  evaporating  spray 


2211 


(a) 


Fig.  5.  Frequency  spectra  obtained  from  temperature  data  recorded  within  the  shear  layer  at  two  different 

axial  locations. 


values  (M-0.5  and  1.0),  the  structural  charac¬ 
teristics  seem  to  change  more  significantly. 

The  effect  of  mass  loading  in  an  evaporating  spray 
is  depicted  in  Fig.  8  by  plotting  the  phase-locked 
instantaneous  temperature  contours  for  the  three 
different  mass  loading  values  (M  =  0.25, 0,5  and  1.0). 
The  gas-phase  governing  equations  for  this  case 
include  all  the  source/sink  terms  due  to  the  exchange 
of  mass,  momentum  and  energy  due  to  droplet 
dynamics  and  vaporization.  Structure  of  the  heated 
jet  seems  to  change  more  significantly  with  the 
addition  of  evaporating  spray  compared  to  that  of  a 
non-evaporating  one.  Figure  9  shows  the  time  evol¬ 
ution  of  temperature  contours  at  z  =  7.5  cm  for  the 
three  cases  shown  in  Fig.  8.  It  is  interesting  to  compare 


the  structures  of  high  mass  loading  values  (M  =  0.5 
and  1.0)  for  the  evaporating  (Fig.  9)  and  non-evap¬ 
orating  (Fig.  7)  cases.  The  development  of  vortical 
structures  for  evaporating  spray  is  more  periodic  than 
that  observed  in  the  corresponding  non-evaporating 
cases.  This  is  probably  due  to  the  fact  that  for  the 
evaporating  case  the  effect  of  momentum  coupling 
between  the  phases  is  reduced  due  to  droplet  vapor¬ 
ization. 

The  effect  of  dispersed  phase  on  the  time-averaged 
gas-phase  properties  for  both  non-evaporating  and 
evaporating  sprays  with  different  mass  loading  values 
is  portrayed  in  Fig.  10.  The  time  period  used  in  obtain¬ 
ing  the  average  values  was  at  least  10  vortex  periods. 
In  addition,  it  was  verified  that  the  average  values 
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Fig.  6.  Instantaneous  iso-temperature  contours  for  a  200-^m  non-evaporating  spray  jet  with  five  different 
mass  loading  values ;  (a)  M  =  0,  (b)  M  —  0.125,  (c)  M  —  0.25,  (d)  M  =  0.5  and  (e)  M  =  1.0. 
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(a) 


(b) 


Fig.  10.  Time-averaged  axial  profiles  of  gas  temperature  and  axial  velocity  for  (a)  non-evaporating  and 
(b)  evaporating  sprays  with  different  liquid-to-gas  loading  ratios. 


the  gaseous  case. -Note  that  a  reduction  in  the  buoyant 
acceleration  makes  the  vortex  structures  weaker  as 
mentioned  earlier. 

Effect  of  injection  characteristics 
The  effect  of  initial  droplet  distribution  on  the  struc¬ 
tural  characteristics  and  dynamics  of  evaporating 
spray  jet  is  studied  by  changing  the  injection  charac¬ 
teristics.  The  mass  loading  ratio  and  droplet  diameter 
are  fixed  at  l.O  and  200  jum,  respectively.  The  instan¬ 
taneous  temperature  contours  for  three  cases  having 
different  droplet  injection  locations  are  shown  in  Fig. 
11.  The  three  distributions  of  injection  locations  used 
are  as  follows:  (1)  rk=1.25  cm,  one  injection 


location,  (2)  rk  =  0.625  and  1.25  cm,  two  injection 
locations  and  (3)  fk  =  0.25,  0.50,  0.75,  1.00  and  1.25 
cm,  five  injection  locations.  The  mass  loading  ratio  is 
kept  constant  by  using  a  different  number  of  droplets 
in  each  group  for  different  cases.  It  is  seen  that  the 
characteristics  of  the  core  region  near  the  nozzle  exit 
are  quite  different  for  the  three  cases  due  to  different 
droplet  injection  processes.  The  use  of  more  injection 
locations  apparently  leads  to  a  dynamic  heated  spray 
jet  with  well-organized  vortical  structures  [Fig.  1 1  (c)]. 
It  is  known  that  the  vaporization  of  a  liquid  droplet 
absorbs  thermal  energy  and  hence  reduces  the  local 
temperature.  This  is  evident  in  Figs.  1 1(b)  and  (c).  In 
the  former  figure  a  valley  in  the  temperature  contours 
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Fig  11.  Instantaneous  iso-temperature  contours  for  an  evaporating  spray  jet  with  three  different  injection 
distributions;  (a)  r,  -  1.25  cm,  one  injection  location,  (b)  r,  -  0.625  and  1.25  cm,  two  injection  locations, 
(c)  rj,  =  0.25, 0.5, 0.75,  1.0  and  1.25  cm.  five  injection  locations. 


developed  in  the  downstream  region  of  the  inner  injec¬ 
tion  location  (i.e.  =  0.625  cm)  as  the  injected  drop¬ 

let  vaporized.  However,  in  the  latter  figure,  the  choice 
of  more  injection  locations  reduced  the  entire  jet  tem¬ 
perature  uniformly  leading  to  near  flat  contours  for 
1000  and  1 100  K  [contours  7  and  8  in  Fig.  1 1  (c)].  The 
time  evolution  of  temperature  contours  at  an  axial 
location  of  7.5  cm  for  the  above  three  cases  is  plotted 
in  Fig.  12.  It  clearly  shows  that  the  vortex  structures 
are  well  organized  and  highly  periodic  similar  to  that 
of  a  single-phase  flow  (Fig.  3a)  when  the  number  of 
injection  locations  is  increased.  However,  the  vortex 
passage  frequency  for  the  spray  case  is  different  from 
that  for  the  single-phase  jet. 

Effect  of  droplet  size 

In  order  to  examine  the  effect  of  initial  droplet  size 
on  the  processes  of  droplet-vortex  interactions,  three 
different  spray  cases  with  initial  droplet  diameters  of 
200,  100  and  50  pm  are  considered.  A  constant  mass 
loading  ratio  of  iVf  =  1.0  is  maintained  by  increasing 
the  number  of  droplets  in  each  group  as  its  initial  size 
is  decreased,  and  the  droplets  are  injected  in  the  shear 
layer  (r^  -  1.25  cm).  Results  are  portrayed  in  Fig.  13 
in  the  form  of  snap  shots  of  the  flow  field.  For  each 
case,  instantaneous  iso-temperature  contours  and  vel¬ 
ocity  vectors  are  plotted  on  the  left-hand  and  right-, 
hand  sides  of  the  symmetric  jet,  respectively.  It  is  quite 
evident  from  Fig.  13  that  the  initial  droplet  size  has  a 
strong  influence  on  the  dynamic  and  structural  charac¬ 
teristics  of  the  evaporating  spray.  For  all  three  cases 


shown  in  the  figure,  there  is  a  reduction  in  gas  tem¬ 
perature  due  to  the  vaporization  of  liquid  fuel. 
However,  as  the  initial  droplet  size  decreases,  there  is 
increasingly  pronounced  cooling  in  the  initial  part  of 
the  jet  caused  by  droplet  vaporization,  which  affects 
both  the  shape  and  the  dynamics  of  vortex  structures. 
This  can  be  seen  more  clearly  in  Fig.  14  which  shows 
the  time  evolution  of  vortical  structures  for  the  three 
cases.  In  fact,  when  the  initial  droplet  size  is  sufficiently 
small  =  50  pm),  the  jet  temperature  downstream 
of  z  =  6  cm  is  reduced  to  less  than  500  K,  and  vortex 
structures  seem  to  be  destroyed.  This  drastic  reduction 
in  gas  temperature  is  caused  by  the  increased  total 
liquid-phase  surface  area  and  entrainment  of  colder 
fluid  into  the  jet  interior.  The  latter  is  due  to  the  vortex 
merging  process  and  subsequent  enlargement  of  vor¬ 
tex  structures  for  the  50-pm  spray  case.  Note  that 
the  vortex  merging  which  occurs  at  an  axial  location 
between  z  =  2.5  and  5  cm  is  not  shown  in  the  figures 
(although  there  is  some  evidence  of  it  in  Fig.  13). 
However,  the  enlargement  of  vortex  structures  for  the 
50-/im  spray  can  be  clearly  seen  in  Fig.  14.  The  vortex¬ 
merging  process  enhances  the  entrainment  of  colder 
fluid,  which  further  reduces  the  gas  temperature  and. 
weakens  the  vortex  structures  drastically.  Figure  15 
shows  the  effect  of  initial  droplet  size  on  the  time- 
averaged  axial  profiles  of  temperature  and  axial 
velocity.  The  drastic  reduction  in  gas  temperature 
caused  by  droplet  vaporization  and  entrainment  of 
colder  fluid,  and  the  subsequent  destruction  of  vortex 
structures  can  be  clearly  seen  in  this  figure.  Thus  the 
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Fig.  13.  Simultaneous  snapshots  of  iso-temperature  contours  and  velocity  vectors  for  an  evaporating  spray 
for  three  different  initial  droplet  diameters ;  (a)  =  200  ^m,  (b)  =  100  }jm  and  (c)  =  50  fim. 
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Fig.  14.  Time  evolution  of  temperature  contours  at  a  location  of  7.5  cm  above  the  inlet  for  the  cases  of 
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Fig.  15.  Time-averaged  axial  profiles  of  gas  temperature  and  axial  velocity  for  an  evaporating  spray  with 
three  different  initial  droplet  diameters  and  M  =  1.0. 
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two-way  nonlinear  interactions  seem  to  become  stron¬ 
ger  due  to  fast  vaporization  of  50-;im  spray. 

CONCLUSIONS 

In  this  paper,  we  have  investigated  the  dynamics  of 
two-way  droplet-vortex  interactions  and  their  influ¬ 
ence  on  the  structure  of  an  evaporating  spray.  A  low- 
speed  spray  formed  (jet  Reynolds  number  based  on  a 
jet  temperature  of  1200  K  and  velocity  of  1.0  m  s~‘  is 
154)  between  a  droplet-laden  heated  nitrogen  jet  and 
a  cofiowing  air  stream  has  been  simulated.  Gravity  has 
been  used  to  generate  large-scale  vortical  structures  in 
the  jet  shear  layer.  The  density  difference  between  the 
heated  fluid  and  the  cold  coflowing  fluid  gives  rise  to 
buoyant  acceleration  causing  vortical  structures  to 
appear  without  any  external  perturbation.  Liquid  fuel 
(n-heptane)  droplets  are  introduced  into  the  vortex 
structures,  and  processes  of  droplet-vortex  inter¬ 
actions  are  studied  numerically  by  developing  a  time- 
accurate,  multidimensional,  two-phase  algorithm. 
The  effect  of  dispersed  phase  is  incorporated  through 
the  source/sink  terms  in  the  gas-phase  governing  equa¬ 
tions,  representing  the  exchange  of  mass,  momentum, 
and  energy  between  the  gas  and  liquid  phases. 

Snapshots  and  time  evolution  plots  of  vortex  struc¬ 
tures  have  been  employed  to  analyze  the  effect  of 
dispersed  phase  on  their  dynamics  and  time-averaged 
behavior  under  different  mass  loadings  for  both  non- 
evaporating  and  evaporating  sprays.  The  vortex  struc¬ 
tures  cause  droplets  to  disperse  radially  outward,  and 
this  in  turn  determines  the  fuel  vapor  distribution  and 
also  modifies  the  vortex  dynamics.  Thus,  the  dynamics 
and  structural  characteristics  of  the  evaporating  spray 
are  strongly  influenced  by  these  interactions.  The 
effects  of  initial  droplet  size,  injection  location,  and 
liquid-to-gas  mass  loading  ratio  on  the  droplet-vortex 
interaction  have  been  investigated  by  performing 
numerical  experiments. 

For  both  non-evaporating  and  evaporating  sprays, 
the  effect  of  dispersed  phase  on  vortex  dynamics  is 
found  to  be  negligible  for  mass  loading  ratio  (M)  less 
than  0.5.  However,  at  higher  loading  ratios,  depending 
upon  the  droplet  injection  characteristics,  the  vortex 
dynamics  as  well  as  the  spray  jet  behavior  may  be 
strongly  influenced  by  the  dispersed  phase.  For  a  non¬ 
evaporating  spray,  the  dispersed  phase  modifies  the 
dynamics  of  vortex  structures  but  not  the  time-average 
behavior,  while  it  modifies  both  the  dynamics  and 
time-averaged  behavior  for  an  evaporating  spray.  For 
example,  for  200-)um  spray  at  M  =  1.0  and  with  drop¬ 
lets  injected  into  the  shear  layer,  the  vortex  passage 
frequency  is  increased  by  about  30%  and  the  vortex 
structures  become  weaker  and  less  coherent  compared 
to  the  gaseous  jet  case.  This  has  important  impli¬ 
cations  in  spray  applications  such  as  gas  turbine  and 
ramjet  combustors,  especially  when  the  system  per¬ 
formance  is  strongly  linked  to  some  underlying 
unsteady  phenomenon.  Results  also  indicate  that  the 
initial  droplet  size  has  a  strong  influence  on  the  two¬ 


way  interactions.  Due  to  spray  vaporization,  gas  tem¬ 
perature  in  the  jet  interior  decreases,  which  modifies 
the  vortex  dynamics  and  consequently  the  droplet 
dynamics  and  vaporization.  In  fact,  for  50-;tm  spray 
at  M  ==  l.O,  the  vortex  dynamics  is  drastically  modi¬ 
fied  and  a  vortex  pairing  phenomenon  is  observed. 
The  latter  results  in  a  much  larger  entrainment  of 
colder  fluid  causing  a  subsequent  destruction  of  vortex 
structures.  Thus  the  spray  injection  characteristics 
have  strong  influence  on  the  processes  of  droplet- 
vortex  interactions. 
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Abstract — Processes  of  droplet-vortex  interactions  have  been  studied  numerically  in  a  dynamic  evaporat¬ 
ing  spray.  The  spray  is  formed  between  a  droplet-laden  heated  nitrogen  jet  and  a  coflowing  air  stream. 
The  jet  velocity  and  temperature  have  been  considered  in  a  range,  where  large-scale  vortex  structures 
develop  due  to  convective  Kelvin-Helmholtz  instability  of  the  jet  shear  layer.  Numerical  simulations  of 
the  heated  jet  without  droplets  show  the  presence  of  organized  vortex  structures  and  their  pairing 
interaction.  The  fundamental  frequency  of  these  structures  scale  with  the  jet  diameter  and  velocity, 
yielding  a  Strouhal  number  of  0.36.  Results  concerning  droplet  dispersion  indicate  that  1)  the  dispersion  of 
intermediate-sized  droplets  is  enhanced  due  to  their  interaction  with  vortex  rings  during  the  vortex¬ 
pairing  process,  2)  a  second  Stokes  number  based  on  a  droplet  transit  time  can  be  used  to  characterize 
the  dispersion  of  larger  droplets,  and  3)  the  evaporation  during  droplet-vortex  interaction  modifies 
dispersion  significantly. 

Results  on  the  dynamics  of  two-way  coupled  system  indicate  that  for  a  non-evaporating  spray  at  a 
mass  loading  of  unity,  the  dynamics  of  shear  layer  and  vortex  rings  are  strongly  influenced  by  the 
dispersed  phase.  The  locations  of  shear-layer  rollup,  vortex  formation  and  pairing  are  shifted  down¬ 
stream,  and  their  respective  frequencies  are  reduced  compared  to  those  for  the  one-way  coupled  system. 
In  addition,  it  is  demonstrated  that  the  shear-layer  stability  can  be  modulated  by  changing  the  droplet 
injection  characteristics.  For  an  evaporating  spray,  the  effect  of  two-way  coupling  is  more  complex 
compared  to  that  for  a  non-evaporating  spray.  In  general,  the  shear-layer  dynamics  becomes  much  less 
organized  compared  to  the  one-way  coupled  system. 


INTRODUCTION 

Large-scale,  coherent  vortical  structures  have  been  found  to  exist  in  a  variety  of 
shear  flows  including  those  involving  combustion  (Katta  et  al  1994)  and  multi¬ 
phase  flows  (Chung  and  Trout  1988;  Longmire  and  Eaton  1992).  In  two-phase  shear 
flows  involving  solid  particles  or  liquid  droplets,  the  transient  interactions  between 
dispersed  phase  and  large  vortical  structures  are  expected  to  play  a  central  role  in 
determining  the  dynamics  and  structural  characteristics  of  these  flows.  These  transi¬ 
ent  interactions  are  strongly  coupled  and  non-linear,  and  pertain  to  the  effect  of 
large  vortical  structures  on  droplet  dispersion  and  gasification;  which,  in  turn,  affect 
the  local  environment  near  each  droplet  and  thereby  the  dynamics  of  two-phase 
system  under  consideration.  In  reacting  sprays,  the  flame  dynamics  and  pollutant 
formation  are  expected  to  be  strongly  influenced  by  these  interactions.  A  fundamen¬ 
tal  understanding  of  such  interactions  is  also  relevant  for  devising  passive  and  active 
control  strategies  for  improving  the  combustor  performance.  Many  recent  studies, 
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both  numerical  (Chung  and  Trout  1988;  Uthuppan  et  al  1994)  and  experimental 
(Longmire  and  Eaton  1992;  Lazaro  and  Lasheras  1992;  Hishida  et  al  1992),  have 
focussed  on  one-way  coupling,  characterizing  the  effect  of  vortex  structures  on 
droplet  dispersion.  The  two-way  coupling  or  the  effects  of  dispersed  phase  on  vortex 
dynamics,  and  subsequently  on  fuel  vapor  distribution  and  flame  behavior,  remain 
largely  unexplored.  In  addition,  the  role  of  droplet  vaporization  in  the  dispersion 
process  has  not  been  investigated  in  previous  studies. 

In  this  paper,  we  report  a  numerical  study  of  two-way  droplet-vortex  interactions 
in  a  dynamic  evaporating  spray.  The  spray  is  formed  between  a  droplet-laden  heated 
nitrogen  jet  and  a  coflowing  air  stream.  The  overall  objective  is  to  study  the  funda¬ 
mental  processes  of  spray  diffusion  flames  in  laminar  and  transitional  regimes  in  the 
presence  of  large  vortical  structures.  In  the  present  study,  however,  the  physical 
model  is  simplified  by  considering  a  heated  jet  issuing  into  a  coflowing  air  stream,  so 
that  the  complexities  due  to  chemical  reactions  can  be  avoided.  The  jet  velocity  and 
temperature  are  considered  in  a  range,  where  large-scale  vortex  structures  develop 
due  to  convective  Kelvin-Helmholtz  instability  of  the  jet  shear  layer  (Huerre  and 
Monkewitz  1985).  In  a  separate  study  (Park  1996),  we  investigated  the  interactions 
of  droplets  with  buoyancy-induced  vortex  structures  resulting  from  a  global  instabil¬ 
ity.  The  dynamics  of  vortex  structures  and  droplet-vortex  interactions  in  a  convec- 
tively  unstable  shear  flow  are  significantly  different  from  those  associated  with  glo¬ 
bal  instability,  and  are  examined  in  the  present  paper.  In  the  first  part,  the  disper¬ 
sion  behavior  of  both  non-evaporating  and  evaporating  droplets  is  investigated.  The 
objective  is  to  examine  the  effect  of  droplet  evaporation  on  the  dispersion  process. 
Several  previous  studies  cited  above  have  shown  that  the  presence  of  large-scale 
vortex  structures  leads  to  a  size-dependent  dispersion  behavior,  such  that  the  drop¬ 
lets  with  a  response  time  on  the  order  of  a  relevant  vortex  time  exhibit  the  maximum 
dispersion.  In  many  applications,  especially  those  involving  spray  combustion,  the 
size  of  a  droplet  may  change  significantly  during  its  interaction  with  a  vortex,  i.e.  the 
droplet  lifetime  may  be  of  the  same  order  of  magnitude  as  the  droplet-vortex  inter¬ 
action  time.  It  is  therefore  relevant  to  investigate  the  effect  of  size  change  on  droplet 
dispersion.  In  the  second  part  of  this  study,  we  examine  the  processes  of  two-way 
interactions  for  both  non-evaporating  and  evaporating  droplets,  and  make  an  at¬ 
tempt  to  gain  an  understanding  of  the  effects  caused  by  momentum  coupling  as  well 
as  mass  and  energy  coupling  between  the  phases. 


THE  PHYSICAL-NUMERICAL  MODEL 

The  physical  system  simulated  in  the  present  study  is  shown  schematically  in 
Figure  1,  It  consists  of  a  central  jet  which  is  a  two-phase  mixture  of  gaseous  nitrogen 
and  liquid  fuel  (n-heptane)  droplets  and  a  low-speed  annular  air  flow.  The  jet  at  a 
velocity  of  5.0  m/s  and  temperature  of  1200  K  is  issuing  into  a  coflow  which  is  at 
velocity  of  0.2  m/s  and  temperature  of  294  K.  The  central  jet  is  heated  primarily  to 
enhance  the  fuel  evaporation.  The  jet  diameter  (D)  is  2.54  cm.  The  Reynolds  number 
based  on  velocity,  density  and  viscosity  of  the  heated  jet  is  790,  and  the  Richardson 
number,  Ri  =  gD{pQ  —  p^)/(l/|*p^-),  is  0.031.  Here  and  pj  are  the  jet  velocity  and 
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FIGURE  1  A  schematic  of  droplet-laden  heated  nitrogen  jet  in  a  cold  annular  air  flow. 


density,  Po  ambient  density,  and  g  the  gravitational  acceleration.  Note  that  a 
small  Richardson  number  Ri  —  0.031  implies  that  the  effect  of  buoyant  convection  is 
small  compared  to  the  inertial  acceleration,  and  jet-shear-layer  instability  is  primar¬ 
ily  of  the  Kelvin-Helmholtz  type.  The  numerical  model  is  based  on  the  solution  of 
time-dependent,  two-phase  equations  in  an  axisymmetric  geometry.  The  unsteady, 
axisymmetric  governing  equations  in  cylindrical  (z,r)  coordinate  system  for  a  drop- 
let-laden  heated  jet  are 


d{p^)  d{pu<!>)  d{pv<t>)^  d  (  d^\  d(^^\ 

dt  dz  dr  \  dz)  cr  ^  dr ) 


^+— ^  +  S®  +  S?.(l) 
r  r  dr  ^ 


The  general  form  of  Eq.  ( 1)  represents  the  continuity,  momentum,  species,  or  energy 
conservation  equation  depending  on  the  variable  used  for  O.  Table  I  gives  the 
transport  coefficients  and  the  source  terms  Sf  and  Sf  that  appear  in  the  govern¬ 
ing  equations.  In  this  table,  p,  /I,  and  represent  the  viscosity,  the  thermal  conduc¬ 
tivity,  and  the  specific  heat,  respectively.  They  are  considered  functions  of  tempera¬ 
ture  and  species  concentration. 
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Equations 

Continuity 


Axial  momentum  u  fx  dp 


8  /  du\  d  (  dv\p8v  ( 

+  (Po-p)s  +  — (/'— )  +  —  Vr-  )-—  I 


dz  dz\  dzj  dr\  dz/rdz  * 

2(8  /  8u\  8  {  dv\  8  {  v\) 


2(8  /  8u\  8  (  dv\  8  (  v\] 

~  3  \dz  \dz)''"iz\7r)'^'iz  V''  r  j  J 
Radial  momentum  v  p  dp  8  /  du\  8  /  8v\  ptdv  i 

—  —  +  —  /^ —  +—  /i—  + - 2/1- 

dr  8z\  dr  J  dr\  drj  rdr  r 


2(8/  du\  8/  8v\  8  /  V 


3  IdrV  dzJ  dr 


'  8v\  8/  v\ 

^Jr}^8r\r) 


Mass  fraction 
of  fuel 

Mass  fraction 


y,  pDf 

^  P^o 
T  X/C, 


f  dvt 


ln,mAh.-e..) 


The  effect  of  dispersed  phase  on  gas-phase  properties  is  incorporated  through  the 
source/sink  terms  {Sf)  representing  the  exchange  of  mass,  momentum,  and  energy 
between  the  gas  and  liquid  phases.  In  order  to  evaluate  these  terms,  it  is  necessary  to 
establish  droplet  trajectories,  size  and  temperature  histories.  The  Lagrangian  ap¬ 
proach  is  employed  to  solve  the  liquid-phase  governing  equations  for  the  dynamics 
and  vaporization  history  of  each  droplet  group.  The  spray  is  characterized  by  a 
discrete  number  of  droplet  groups,  distinguished  by  their  injection  location,  initial 
size,  and  time  of  injection.  A  droplet  group  in  a  Lagrangian  treatment  represent  a 
characteristic  group  containing  a  finite  number  of  droplets.  Since  an  axisymmetric 
configuration  is  analyzed,  the  liquid  properties  are  implicitly  averaged  in  the  azi¬ 
muthal  direction  and  the  number  of  droplets  associated  with  each  characteristic 
group  represents  droplets  uniformly  distributed  in  an  annular  ring.  The  equations 
governing  the  variation  of  position,  velocity,  and  size  for  each  droplet  group  and 
other  expressions  are  provided  in  an  earlier  paper  (Park  et  ai  1995).  A  comprehen¬ 
sive  vaporization  model  is  employed  to  calculate  the  instantaneous  droplet  size  and 
surface  temperature  along  the  trajectory  of  each  group.  The  model  includes  the 
effects  of  variable  thermophysical  properties,  non-unity  Lewis  number  in  the  gas 
film  outside  the  droplet,  the  effect  of  Stefan  flow  on  the  heat  and  mass  transfer 
between  the  droplet  and  the  gas,  and  the  effect  of  transient  liquid  heating.  The 
variable  thermophysical  properties  are  calculated  at  reference  film  temperature  and 
concentrations,  obtained  by  using  the  1/3  rule,  except  for  the  gas  density  which  is 
calculated  at  the  free  stream  value  (Abramzon  and  Sirignano  1989).  The  Wilke  rule 
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(Edwards  et  al  1979)  is  used  to  calculate  the  dynamic  viscosity  and  thermal  conduc¬ 
tivity  of  the  gas  film.  The  liquid  fuel  (n-C^Hj^)  properties  are  collected  from  various 
sources  and  approximated  as  a  function  of  the  temperature  (Park  et  al  1995).  The 
effect  of  transient  liquid  heating  is  incorporated  by  using  the  finite-conductivity 
model  (Aggarwal  1984). 

An  implicit  algorithm  is  employed  to  solve  the  unsteady  gas-phase  equations.  The 
governing  equations  are  integrated  by  using  a  “finite  control  volume”  approach  with 
a  staggered,  non-uniform  grid  system.The  finite-difference  forms  of  the  momentum, 
energy,  and  species-densities  equations  are  obtained  using  an  implicit  QUICKEST 
scheme  (Leonard  1979).  An  iterative  ADI  (Alternative  Direction  Implicit)  technique 
is  used  for  solving  the  resulting  sets  of  algebraic  equations.  At  every  time  step,  the 
pressure  field  is  calculated  by  solving  the  pressure  Poisson  equations  at  all  grid 
points  simultaneously  and  utilizing  the  LU  (Lower  and  Upper  diagonal)  matrix 
decomposition  technique.  Grid  lines  are  clustered  near  the  shear  layer  to  resolve  the 
steep  gradients  of  the  dependent  variables.  Boundaries  of  the  computational  domain 
are  shifted  sufficiently  to  minimize  the  propagation  of  disturbances  into  region  of 
interest.  The  computational  domain  in  the  radial  and  axial  directions  is  15  cm  and 
40  cm  respectively.  Thus,  the  boundary  in  the  radial  direction  is  5.9  nozzle  diameters 
away  from  the  axis  of  symmetry  and  the  out-flow  boundary  in  the  axial  direction  is 
15.7  nozzle  diameters  away  from  the  nozzle  exit.  In  our  earlier  studies  it  was  found 
that  these  distances  are  more  than  sufficient  to  avoid  the  boundary  influences  on  the 
region  of  interest  (2  and  7  nozzle  diameters  in  the  radial  and  axial  directions, 
respectively).  The  flow  variables  at  the  outflow  boundary  are  obtained  using  an 
extrapolation  procedure  with  weighted  zero  and  first-order  terms.  The  main  cri¬ 
terion  used  in  selecting  the  weighting  functions  is  that  the  vortices  crossing  this 
outflow  boundary  should  leave  smoothly  without  being  distorted. 

The  liquid-phase  equations  governing  the  position,  velocity,  and  size  of  each 
droplet  are  advanced  in  time  by  a  second-order  accurate  Runge-Kutta  method. 
Since  the  gas-phase  solution  employs  an  implicit  procedure,  the  temporal  step  size 
used  for  integrating  the  liquid-phase  equations  is  usually  smaller  than  that  for 
gas-phase  equations.  An  automatic  procedure  is  implemented  in  order  to  select  an 
optimum  liquid-phase  time  step.  The  procedure  to  advance  the  two-phase  solution 
over  one  gas-phase  time  step  is  as  follows.  Using  the  known  gas-phase  properties, 
the  liquid-phase  equations  are  solved  over  a  specified  number  of  liquid-phase  sub¬ 
cycles.  A  third-order  accurate  Lagrangian  polynomial  method  is  used  for  interpola¬ 
ting  the  gasphase  properties  from  the  non-uniform  fixed  grid  to  the  droplet  charac¬ 
teristic  location.  It  should  be  noted  that  the  interpolation  scheme  for  the  gas-phase 
velocities  u  and  v  is  based  on  their  respective  grid  cells  because  of  the  use  of  a 
staggered  grid  in  gas-phase  calculation.  The  droplet  properties  are  updated  after 
every  liquid-phase  subcycle.  Also,  during  each  subcycle,  the  liquid-phase  source 
terms  appearing  in  the  gas-phase  equations  are  calculated  at  the  characteristic  loca¬ 
tion,  and  then  distributed  to  the  surrounding  gas-phase  grid  points.  These  source 
terms  are  added  at  each  gasphase  grid  points  during  one  gas-phase  time  step  and 
then  used  in  the  implicit  solution  of  the  gas-phase  equations.  Additional  details  can 
be  found  in  an  earlier  paper  (Park  et  al  1995). 
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RESULTS 

The  dynamics  of  heated  jet  was  first  studied  under  normal-gravity  and  zero-gravity 
conditions  without  injecting  droplets  in  the  flow.  The  objective  was  to  assess  if 
gravity  had  any  influence  on  the  jet  instability  for  the  low  Richardson  number 
(Ri  =  0.031)  condition  used  in  this,  paper.  Numerical  experiments  were  also  per¬ 
formed  to  validate  the  numerical  model  and  examine  the  stability  characteristics  of 
the  jet  shear  layer. 

Numerical  validation  studies  employed  three  different  grids,  namely  151  x  61, 
201  X  71,  and  301  x  91,  and  three  different  temporal  step  sizes  corresponding  to 
CFL  numbers  of  0.1, 0.2  and  0.4.  Note  that  CFL  (Co urant-Friedrichs- Lewis)  numb¬ 
er  is  merely  used  here  to  control  the  temporal  step  size,  and  does  not  imply  any 
significance  pertaining  to  numerical  stability.  In  all  the  cases,  a  non-uniform  grid 
was  employed  with  grid  lines  clustered  near  the  shear  layer  to  resolve  the  steep 
gradients  of  the  dependent  variables.  This  implies  that  the  additional  grid  points  in 
the  201  X  71  grid  are  placed  near  the  shear  layer,  thus  effectively  reducing  the  grid 
density  for  the  201  x  71  grid  by  about  fifty  percent  compared  to  the  151  x  61  grid. 
Results  for  the  two  different  grid  sizes  and  two  CFL  numbers  are  presented  by 
plotting  the  time-history  of  axial  velocity  in  the  shear  layer.  Figure  2  indicates  that 
the  results  are  reasonably  independent  of  the  grid  size  and  temporal  step  size  used  in 
the  simulations.  Figures  2a  and  2c  indicate  the  presence  of  well-organized,  periodic 
Kelvin-Helmholtz  vortex  rings,  while  Figure  2b  indicates  the  occurrence  of  a  vortex¬ 
pairing  interaction.  The  spatial  development  of  vortex  rings  and  their  pairing  inter¬ 
action  are  depicted  in  Figure  3,  which  shows  the  instantaneous  iso-temperature 
contours  in  the  jet  shear  layer  under  normal-  and  zerogravity  conditions.  Toroidal 
vortex  rings  roll  up  periodically  downstream  of  the  nozzle  exit  due  to  the  Kelvin- 
Helmholtz  instability.  No  artificial  (external)  excitation  is  used  to  generate  these 
vortices  and  it  is  believed  that  the  noise  in  the  calculations  is  providing  the  needed 
perturbation  in  the  shear  layer.  It  is  interesting  to  note  that  even  at  a  low  Richar¬ 
dson  number  of  0.031,  the  vortex  structures  are  influenced  by  gravity.  However,  the 
effect  is  small,  and  can  be  attributed  to  the  buoyant  acceleration  of  the  low-speed 
annular  fluid  as  it  gets  heated  in  the  jet  thermal  layer.  Moreover,  the  shear-layer 
rollup  and  large-scale  vortex  dynamics  are  essentially  governed  by  the  Kelvin 
Helmholtz  instability.  For  example,  the  dominant  frequencies  corresponding  to 
shear  layer  rollup  and  vortex-pairing  interaction  remain  the  same  whether  gravity  is 
included  in  the  simulations  or  not. 

Figure  3  indicates  a  pairing  interaction  starting  at  an  axial  location  z  =  40  mm  as 
the  vortices  convect  downstream.  The  dominant  frequencies  obtained  from  the  fast 
Fourier  transform  of  axial  velocity  are  70  and  35  Hz  corresponding  to  the  roll  up 
and  merging  frequencies  respectively.  Assuming  the  initial  momentum  thickness  of 
jet  shear  layer  between  one  to  two  radial  grid  spacing,  we  obtain  the  instability 
Strouhal  number  between  0.0112-0.0224,  a  range  which  encompasses  the  experi¬ 
mental  range  0.0125-0.0155  reported  in  the  literature  (Hussain  and  Hussain  1983). 
Also,  according  to  the  experimental  study  of  Subbarao  and  Cantwell  (  1992),  the  jet 
instability  frequency  scales  with  the  inertial  time  scale  at  small  Ri.  This  yields  a 
Strouhal  number  of  0.36  in  the  present  case,  which  also  agrees  with  the  reported 
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FIGURE  2  Time-history  plot  of  axial  velocity  in  the  jet  shear  layer  at  three  axial  locations  ((a)  x  —  2  cm, 
(b)  X  =  6  cm,  and  (c)  x  -  4  cm);  effects  of  temporal  step  size  and  grid  size. 

experimental  range  of  0.25-0.5.  The  spectral  analysis  also  indicates  that  the  ampli¬ 
tude  of  subharmonic  frequency  (35  Hz)  peaks  at  x  =  80  mm,  implying  the  occurrence 
of  vortex  merging  at  his  location.  This  is  confirmed  by  the  iso-temperature  plots  in 
Figure  3. 
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FIGURE  3  Instantaneous  temperature  contours  for  the  heated  nitrogen  jet  at  (a)  normal  gravity  and  (b) 
zero  gravity. 

ONE-WAY  INTERACTIONS 

Results  depicting  the  effect  of  large-scale  structures  on  the  dispersion  of  non-evapor¬ 
ating  and  evaporating  droplets  are  summarized  in  Figure  4.  For  these  results,  the 
source  terms  S®  representing  the  effects  of  dispersed  phase  on  the  gas  phase  (see 
Table  I.)  are  identically  set  to  zero.  The  instantaneous  iso-temperature  contours  and 
droplet  locations  are  plotted  for  both  non-evaporating  and  evaporating  droplets  for 
four  different  droplet  sizes.  The  red  color  in  iso-temperature  contours  corresponds 
to  a  temperature  of  1200  K  while  the  purple  corresponds  to  a  value  of  294  K, 
representing  the  temperature  of  cofiowing  stream.  In  order  to  examine  the  effect  of 
vortex  rings  on  droplet  dispersion,  instantaneous  locations  of  non-evaporating  and 
evaporating  droplets  are  plotted  on  the  left-hand  and  right-hand  sides  of  the  sym¬ 
metric  jet,  respectively.  Color  representing  the  size  of  the  droplet  changes  from  red 
to  blue  as  it  evaporates  from  the  initial  size  (at  the  instant  of  injection)  to  the  size  of 
a  gas  particle,  which  is  taken  as  10  pm  or  one-tenth  of  the  initial  size  whichever  is 
smaller.  Since  the  droplets  on  the  right-hand  side  of  the  jet  represent  non-evapora¬ 
ting  ones,  the  color  of  the  droplets  remains  red.  Quantitative  results  on  dispersion 
for  both  non-evaporating  and  evaporating  droplets  are  depicted  in  Figure  5,  which 
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contours,  the  red  and  purple  colors  represent  the  highest  (1200  K)  and  the  lowest  (294  K)  temperatures  respectively. 
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FIGURE  5  Dispersion  function  plotted  as  a  function  of  time  for  (a)  non-evaporating,  and  (b)-evaporat- 
ing  droplets  injected  at  a  radial  location  of  1.27  cm. 


shows  the  variation  of  dispersion  function  with  time  for  different-size  droplets.  The 
dispersion  function  is  defined  as  the  rms  (root  mean  squared)  lateral  displacement  of 
droplets  from  the  initial  radial  injection  location: 


D{t,N) 


N 


1/2 


(2) 


where  the  radial  location  of  droplet  i  at  time  t,  rjo  the  radial  injection  location  of 
the  same  droplet  at  nozzle  exit,  and  N  is  the  total  number  of  droplets  in  the  flow 
field  at  time  t.  Results  in  Figure  5  indicate  a  typical  size-selective  dispersion  process 
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FIGURE  6  Dispersion  function  versus  Stokes  number  for  non-evaporating  and  evaporating  droplets. 


whereby  the  intermediate-sized  droplets  (100  pm  in  the  present  study)  exhibit  the 
maximum  dispersion.  Since  the  effect  of  vortex  structures  on  non-evaporating  drop¬ 
lets  is  often  characterized  by  the  Stokes  number  defined  as  the  ratio  of  droplet 
response  time  to  a  characteristic  flow  time  (tj),  we  show  the  variation  of  disper¬ 
sion  function  with  Stokes  number  (St^)  for  both  non-evaporating  and  evaporating 
droplets  in  Figure  6.  The  value  of  is  based  on  the  first  subharmonic  or  vortex¬ 
merging  frequency,  since  the  detailed  visualization  of  flow  field  and  droplet  locations 
indicates  that  droplet  dispersion  is  influenced  more  strongly  by  the  vortex-merging 
process. 

Important  observations  from  Figure  6  are  that  the  dispersion  of  intermediate¬ 
sized  droplets  is  enhanced  due  to  their  interaction  with  vortex  rings,  that  the  pairing 
interaction  is  most  responsible  for  this  dispersion  enhancement,  and  that  droplet 
evaporation  during  the  transient  droplet-vortex  interaction  modifies  dispersion  sig¬ 
nificantly.  These  observations  can  be  explained  by  the  instantaneous  snapshots 
given  in  Figure  4.  For  the  non-evaporating  case,  it  can  be  seen  that  the  intermediate¬ 
sized  droplets  exhibit  higher  dispersion,  as  these  droplets  are  centrifuged  out  durmg 
the  vortex-pairing  interaction.  The  larger-sized  droplets  disperse  less  as  their  motion 
is  not  much  affected  by  the  pairing  interaction.  These  droplets  can  be  dispersed, 
however,  by  the  merged  vortices  further  downstream,  provided  their  transit  time  is 


1030 


440 


S.  K.  AGGARWAL  etal 


comparable  to  their  aerodynamic  response  time.  For  example,  150-pm  and  200“|im 
droplets  are  dispersed  following  their  interaction  with  the  second  (merged)  and  third 
vortex  respectively.  This  suggests  that  droplet  transit  time  may  also  be  an  important 
parameter  in  addition  to  the  flow  time,  in  characterizing  the  dispersion  of  larger 
droplets.  Following  Hardalupas  et  al  (1992),  we  define  a  second  Stokes  number  (St2) 
or  a  droplet  transit  Stokes  number  as  the  ratio  of  droplet  transit  time  to  its  response 
time.  Using  this  Stokes  number,  we  are  able  to  explain  the  dispersion  of  larger-sized 
droplets.  The  transit  time  for  150-pm  droplets  is  36  ms  (based  on  a  injection  velocity 
of  5.0  m/s  and  second  vortex  location  of  18  cm)  yielding  St 2  =0.64.  Similar  calcula¬ 
tion  yields  St2  =  0.86  for  200-pm  droplets. 

Another  important  observation  from  Figures  4  and  6  is  that  the  dispersion  of 
evaporating  and  non-evaporating  droplets  in  a  dynamically  evolving  flow  are  quite 
different.  Since  the  effect  of  vaporization  is  to  reduce  the  droplet  response  time  and 
thus  reduce  the  Stokes  number  one  would  expect  that  the  plot  of  dispersion 
function  versus  St^  should  shift  uniformly  to  the  left  of  that  for  the  non-evaporating 
case.  However,  the  dynamic  nature  of  droplet-vortex  interaction  alters  this  expected 
behavior.  As  noted  earlier,  small-  and  medium-sized  non-evaporating  droplets  ex¬ 
hibit  higher  dispersion  due  to  their  interaction  with  vortex  rings  during  the  vortex¬ 
pairing  process,  while  the  dispersion  of  larger-sized  droplets  is  due  to  their  interac¬ 
tion  with  vortices  after  the  pairing  process.  The  evaporation  during  droplet-vortex 
interaction  modifies  this  behavior  significantly.  The  small-  and  medium-sized  drop¬ 
lets  vaporize  completely  prior  to  or  during  their  interaction  with  vortex  rings,  and 
consequently  their  dispersion  is  similar  to  that  of  tracer  particles.  The  larger-sized 
evaporating  droplets  on  the  other  hand  are  not  affected  significantly  by  the  pairing 
vortices.  Their  dispersion  is  determined  by  their  interaction  with  vortices  following 
the  pairing  interaction.  Due  to  evaporation,  however,  their  dispersion  is  reduced 
compared  to  that  of  non-evaporating  droplets  since  the  degree  of  centrifuging  de¬ 
creases  with  the  decrease  in  droplet  size.  Consequently,  the  effect  of  vaporization  is 
to  reduce  droplet  dispersion  over  the  entire  droplet  size  range,  as  indicated  in 
Figure  6. 


TWO-WAY  INTERACTIONS 

Both  non-evaporating  and  evaporating  sprays  are  analyzed  in  order  to  distinguish 
the  two-way  interactions  involving  only  momentum  transfer  between  the  phases 
from  those  involving  mass,  momentum,  and  energy  transfer.  Calculations  are  in¬ 
itially  made  without  injecting  droplets  into  the  fuel  stream.  As  discussed  earlier,  the 
shear  layer  between  the  1200-K  nitrogen  jet  and  the  cold  annulus  air  flow  becomes 
unsteady  with  the  development  of  large-scale  vortices.  The  gasphase  simulation  is 
started  at  t  =  0,  and  the  droplet  injection  is  started  at  t==0. 16  s.  During  this  time, 
the  initial  flow  transients  are  convected  out  of  the  computational  domain,  and  the 
vortex  rings  attained  a  periodic  structure.  Droplets  are  injected  into  the  jet  shear 
layer  every  lOAtg^^,  where  —  0.03176  ms,  from  a  radial  location  of  1.25  cm.  This 
time  interval  yields  an  average  droplet  spacing  which  is  about  16  times  the  droplet 
diameter,  and  can  be  considered  as  sufficiently  large  so  as  to  neglect  interaction 
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3  0  3  cm  3  0  ^ 

FIGURE  7  Snapshots  of  flow  field  for  a  non-evaporating  spray  with  (a)  one-way  interaction,  and  (b) 
two-way  interaction. 


between  the  droplets.  The  number  of  droplets  with  each  injection  depends  on  the 
droplet  mass  loading  (ratio  of  droplet  mass  flow  rate  to  nitrogen  mass  flow  rate  in 
the  jet),  initial  droplet  size,  and  injection  time  interval.  In  the  present  study,  a 
monodisperse  n-heptane  spray  with  an  initial  diameter  of  dp  — 100  pm  and  mass 
loading  of  unity  is  considered.  Note  that  dp  — 100  pm  corresponds  to  a  Stokes 
number  on  the  order  of  unity,  and  exhibits  the  maximum  dispersion  in  the  present 
case.  It  is  also  important  to  note  that  at  a  mass  loading  of  unity,  the  volume 
occupied  by  liquid  phase  is  about  three  orders  of  magnitude  smaller  than  that  of  the 
gasphase  volume,  and  the  dilute>spray  assumption  is  still  valid.  The  initial  diameter 
dp  =  100  pm  and  mass  loading  of  unity  yields  the  number  of  droplets  in  each 
injection  as  673,  which  is  equivalent  to  having  673  equally  distributed  azimuthal 
injection  locations. 

Extensive  flow  visualization  was  used  to  gain  a  qualitative  understanding  of  the 
effect  of  dispersed  phase  on  large-scale  vortex  structures.  One  representative  result  is 
depicted  in  Figure  7,  which  compares  snapshots  of  the  flow  field  for  a  non-evaporat¬ 
ing  spray  with  one-way  and  two-way  interactions  respectively.  In  each  snapshot,  we 
plot  instantaneous  iso-temperature  contours  on  the  right,  and  streaklines  on  the  left. 
Important  observation  is  that  the  momentum  coupling  has  a  significant  influence  on 
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the  dynamics  of  vortex  structures.  For  the  two-way  coupled  system,  the  locations  of 
shear  layer  rollup  and  vortex  pairing  are  shifted  downstream  compared  to  the 
one-way  coupled  system.  More  detailed  flow  visualization  for  the  tw^o  cases  in¬ 
dicated  that  for  the  two-way  coupled  system,  the  vortex  structures  are  stronger, 
though  less  coherent,  and  entrain  more  lowspeed  (colder)  fluid  compared  to  those 
for  the  one-way  coupled  system.  We  will  discuss  this  aspect  further  when  quantitat¬ 
ive  results  are  presented  for  the  two-way  coupled  system. 

Figure  8  shows  simultaneous  snapshots  of  the  flow  and  droplets  for  three  diflerent 
cases;  one-way  coupled  system  in  Figure  8b  and  two-way  coupled  evaporating  and 
non-evaporating  sprays  in  Figures  8a  and  8c  respectively.  For  the  non-evaporating 
case,  due  to  the  delayed  vortex  formation  and  pairing  interaction,  the  occurrence  of 
significant  droplet  dispersion  is  also  moved  farther  downstream  compared  to  the 
one-way  coupled  system.  Figure  8  also  indicates  that  the  effect  of  dispersed  phase  on 


(a)  (b)  (c) 


FIGURE  S  Siitiultatieous  snapshots  of  the  Sow  and  droplets  for  (a)  evaporating  spray  with  two-way 
interaction,  (b)  spray  with  one-way  interaction  and  (c)  non-evaporating  spray  with  two-way  interaction. 
For  iso-temperature  contours,  the  red  and  purple  colors  represent  the  highest  (  1200  K)  and  the  lowest 
(294  K)  temperatures  respectively. 
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the  vortex  structures  is  more  significant  for  the  evaporating  case  compared  to  the 
non-evaporating  one.  This  can  be  attributed  to  the  added  effects  of  mass  and  energy 
transfer  between  the  phases  for  the  evaporating  case.  Based  on  a  detailed  visualiz¬ 
ation  of  the  two-phase  flow  field  for  the  evaporating  case,  the  effect  of  dispersed 
phase  on  the  temporally  and  spatially  developing  shear  layer  can  described  as 
follows.  As  the  droplets  are  injected  into  the  shear  layer,  the  rollup  location  initially 
shifts  downstream  from  3  cm  to  5  cm,  similar  to  the  non-evaporating  case.  However, 
as  the  droplet  evaporation  becomes  significant,  the  addition  of  fuel  vapor  with 
density  three  times  that  of  nitrogen  strongly  affects  the  vortex  formation  process.  In 
addition,  the  jet  cooling  caused  by  droplet  heating  and  vaporization  increases  the 
mixture  density,  which  further  modifies  shear  layer  dynamics.  Due  to  these  two 
effects,  the  rollup  location  moves  upstream  to  about  2  cm  from  the  nozzle  exit,  the 
vortex  becomes  stronger  and  pinches  the  jet  more  strongly  compared  to  that  for  the 
one-way  coupled  system.  The  subsequent  processes,  which  normally  involves  the 
convection  of  vortices  and  pairing  interactions  for  the  one-way  coupled  system, 
become  much  less  organized  for  the  evaporating  case.  In  general,  the  pairing  interac¬ 
tions  are  much  less  frequent  and  coherent,  and  the  vortices  are  strongly  stretched  as 
they  convect  downstream.  In  addition,  the  shear  layer  rollup  becomes  less  organ¬ 
ized,  with  the  rollup  location  oscillating  between  2  and  5  cm  from  the  nozzle  exit. 

The  loss  of  coherency  in  shear  layer  dynamics  for  the  two-way  coupled  system  is 
better  illustrated  by  plotting  the  time  history  of  axial  velocity  for  the  three  cases.  As 
indicated  in  Figure  9,  for  the  one-way  coupled  system,  the  processes  of  shear  layer 
rollup  and  vortex  formation  are  well  organized  with  a  frequency  of  70  Hz.  For  the 
two-way  coupled  system,  however,  the  shear  layer  dynamics  is  much  less  organized, 
especially  for  the  evaporating  spray.  This  is  further  indicated  by  the  Fourier  trans¬ 
form  of  axial  velocity  shown  in  Figure  10.  With  one-way  interaction,  both  the  shear 
layer  rollup  and  the  vortex  pairing  are  highly  organized  with  frequencies  of  70  and 
35  Hz  respectively.  For  the  non-evaporating  spray  with  two-way  momentum  coup¬ 
ling,  the  rollup  and  vortex-pairing  frequencies  are  reduced  to  54  and  27  Hz  respect¬ 
ively,  and  the  vortices  are  not  as  organized  as  in  the  one-way  coupled  system.  For 
the  evaporating  spray  with  two-way  coupling,  the  dynamics  represents  a  much  less 
organized  behavior  without  any  well-defined  frequency. 

For  the  non-evaporating  case  discussed  above,  the  two-way  coupling  modifies  the 
shear  layer  dynamics  such  that  the  vortex  formation  and  pairing  occur  at  a  down¬ 
stream  location,  and  their  frequencies  are  reduced  compared  to  those  for  the  one¬ 
way  coupled  system.  In  order  to  examine  the  momentum-coupling  effect  further,  we 
ran  additional  simulations  and  studied  the  effect  of  droplet  injection  velocity  on  the 
gas-phase  dynamics.  The  time-averaged  structure  of  the  shear  layer  for  different 
droplet  injection  velocities  is  depicted  in  Figure  1 1.  The  axial  profiles  of  time-aver¬ 
aged  gas-phase  velocity  indicate  that  the  axial  velocity  is  smaller  for  the  two-way 
coupled  system  with  Up  =  5.0  m/s  (the  base  case  discussed)  compared  to  that  for  the 
one-way  coupled  system,  indicating  greater  entertainment  of  the  cold  fluid.  For  this 
case,  the  droplets  are  injected  at  the  jet  velocity,  i.e.  the  gas  phase  and  droplets 
initially  have  the  same  velocity.  However,  as  the  shear  layer  develops  spatially,  the 
gas-phase  velocity  decreases  in  the  shear  layer.  Since  droplets  now  have  higher 
velocity  than  the  gas  phase,  there  is  momentum  transfer  from  dispersed  phase  to  gas 
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FIGURE  9  Time  history  of  gas-phase  axial  velocity  in  the  shear  layer  for  (a)  one-way  interaction,  (b) 
non-evaporating  spray  with  two-way  interaction,  and  (c)  evaporating  spray  with  two-way  interaction. 


phase,  which  is  indicated  by  the  fact  that  the  gas-phase  velocity  is  initially  higher  for 
the  two-way  coupled  system  with  Up  =  5.0  m/s  compared  to  that  for  the  one-way 
coupled  system,  Figure  11a.  This  increases  the  magnitude  of  vorticity  in  the  shear 
layer,  and  thus  strengthens  the  vortex  structures.  However,  if  the  droplets  are  injec¬ 
ted  at  a  velocity  smaller  than  the  jet  velocity,  the  momentum  transfer  occurs  in  the 
reverse  direction,  reducing  vorticity  magnitude  in  the  shear  layer.  Consequently,  as 
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FIGURE  10  Frequency  spectrum  of  axial  gas  velocity  for  (a)  one-way  interaction,  (b)  two-way  non¬ 
evaporating  spray,  and  (c)  two-way  evaporating  spray. 


the  droplet  injection  velocity  is  decreased  compared  to  the  jet  velocity,  the  shear 
layer  stability  is  enhanced,  and  entrainment  of  the  colder  fluid  is  reduced.  The  axial 
profiles  of  gasphase  temperature  shown  in  Figure  11b  are  consistent  with  those  of 
gas-phase  velocity.  For  the  two-way  case  with  Up  =  5.0  m/s,  the  gas  temperature 
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decreases  faster  compared  to  that  for  the  one-way  case,  indicating  greater  entrain¬ 
ment  of  colder  fluid  in  the  shear  layer  for  the  former.  However,  as  the  droplet 
injection  velocity  is  reduced,  the  shear  layer  becomes  more  stable,  as  indicated  by  a 
slower  rate  of  decrease  of  gas  temperature  for  Up  =  3.15  m/s  and  2.5  m/s.  The 
increased  shear  layer  stability  was  also  confirmed  by  employing  detailed  visualiz¬ 
ation  of  the  temporally  and  spatially  developing  shear  layer  for  different  droplet 
injection  velocities.  Another  confirmation  is  provided  in  Figure  12,  which  shows  the 
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FIGURE  12  Frequency  spectrum  of  axial  gas  velocity  for  a  two-way  coupled  non-evaporating  spray 
with  (a)  droplet  injection  velocity  Up  =  5.0  m/s,  and  (b)  Up  —  2.5  m/s. 


Fourier  spectrum  of  gas-phase  axial  velocity  for  two  different  droplet  velocities.  For 
Up  =  2.5  m/s,  the  shear  layer  stability  is  significantly  enhanced  with  a  formation  of  a 
weak  vortex  far  downstream  (z  =  15  cm),  as  indicated  by  the  significantly  reduced 
amplitude  and  the  absence  of  a  dominant  frequency  for  this  case.  Thus,  the  import¬ 
ant  observation  is  that  at  a  liquid  mass  loading  of  unity,  the  dispersed  phase  has  a 
strong  effect  on  the  stability  and  dynamic  characteristic  of  jet  shear  layer,  and  this 
effect  can  be  modulated  by  changing  the  droplet  injection  characteristics. 


CONCLUSIONS 

In  this  paper,  we  have  investigated  the  effect  of  droplet  evaporation  on  dispersion, 
and  the  dynamics  of  two-way  droplet-vortex  interactions  and  their  influence  on  the 
structure  of  both  non-evaporating  and  evaporating  sprays.  A  spray  formed  between 
a  droplet-laden  heated  nitrogen  jet  and  a  coflowing  air  stream  has  been  simulated. 
The  jet  velocity  and  temperature  have  been  considered  in  a  range,  where  large-scale 
vortex  structures  develop  due  to  the  convective  Kelvin-Helmholtz  instability  of  the 
jet  shear  layer.  Liquid  fuel  (n-heptane)  droplets  are  introduced  into  the  vortex  struc¬ 
tures,  and  processes  of  droplet-vortex  interactions  have  been  studied  numerically  by 
employing  a  third-order  time-accurate,  multidimensional,  two-phase  algorithm.  The 
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effect  of  dispersed  phase  is  incorporated  through  the  source/sink  terms  in  the  gas- 
phase  governing  equations,  representing  the  exchange  of  mass,  momentum,  and 
energy  between  the  gas  and  liquid  phases.  Numerical  results  have  been  shown  to  be 
independent  of  the  grid  and  temporal  step  size  used  in  the  simulation.  In  addition, 
simulation  of  the  jet  shear  layer  without  droplets  reproduced  the  large-scale  features 
that  have  been  observed  in  laboratory  experiments  and  previous  numerical  simula¬ 
tions.  For  example,  the  simulation  yields  a  Strouhal  number  of  0.36,  based  on  the 
fundamental  frequency  of  large-scale  structures,  which  is  within  the  reported  experi¬ 
mentally  range  of  0.25  —  0.5.  Detailed  flow  visualization  has  been  employed  to  gain 
further  understanding  of  the  dispersion  of  evaporating  droplets,  and  the  effect  of 
dispersed  phase  on  the  dynamics  and  time-averaged  structure  of  the  shear  layer. 

Results  for  the  one-way  coupled  system  indicate  that  the  dispersion  of  intermedi¬ 
ate-sized  droplets  is  enhanced  due  to  their  interaction  with  vortex  rings  during  the 
vortex-pairing  process,  that  the  dispersion  enhancement  can  be  characterized  by  a 
Stokes  number  based  on  the  vortex-pairing  frequency,  that  a  second  Stokes  number 
based  on  a  droplet  transit  time  can  be  used  to  characterize  the  dispersion  of  larger 
droplets,  and  that  the  evaporation  during  droplet-vortex  interaction  has  a  signifi¬ 
cant  influence  on  dispersion.  Results  on  the  dynamics  of  two-way  coupled  system 
indicate  that  for  a  non-evaporating  spray  at  a  mass  loading  of  unity,  the  dynamics 
of  shear  layer  and  vortex  rings  are  strongly  influenced  by  the  dispersed  phase.  The 
locations  of  shear  layer  rollup,  vortex  formation  and  pairing  are  shifted  downstream, 
and  their  frequencies  are  reduced  compared  to  those  for  the  one-way  coupled  sys¬ 
tem.  In  addition,  it  is  demonstrated  that  the  shear  layer  stability  can  be  modulated 
by  changing  the  droplet  injection  characteristics.  This  has  important  implication  for 
the  dynamic  behavior  of  two-phase  flow  systems,  such  as  gas  turbine  combustors 
and  liquid  propellant  rocket  engines.  For  an  evaporating  spray,  the  effect  of  two-way 
coupling  is  much  more  complex  compared  to  that  for  a  non-evaporating  spray.  In 
general,  the  dynamics  of  shear  layer  and  vortex  structures  for  a  two-way  coupled  eva¬ 
porating  spray  become  much  less  organized  compared  to  the  one-way  coupled  system. 
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ABSTRACT 

A  numerical  mcxiel  based  on  the  finite-volume  ^proach 
has  been  developed  to  study  the  evaporation  process  of 
interactive  droplets.  The  concept  of  “level  set”  using  a 
distance  function  was  incorporated  to  identify  and  trace 
the  interfaces  between  two  phases.  The  split  velocities 
employed  in  an  ALE  (Arbitrary  Lagrangian-Eulerian) 
grid  system  were  used  to  ensure  the  mass  conservation 
of  droplets  during  the  calculations.  The  model  has  been 
verifi^  by  comparing  the  time  history  of  droplet 
volume  with  the  results  from  the  dMaw  and  related 
empirical  formulations  for  a  single  droplet  in  a  hot-air 
stream.  The  model  simulations  show  that  the  droplet  is 
evaporating  10-40%  faster  than  predicted  from  theories. 
Head-on  collisions  between  two  equal-sized  round  N- 
heptane  droplets  under  various  flow  conditions  ace 
modeled  to  demonstrate  the  capabilities  of  the  present 
numerical  model. 


INTRODUCTION 

In  most  combustion  systems,  the  evaporation 
process  of  spray  is  an  important  mechanism  affecting 
the  combustion  efficiency  and  pollutant  emission  of  the 
system.  Depending  on  the  specific  requirements  of  each 
combustion  system,  various  fuel-injection  schemes  are 
used  to  achieve  the  desired  evaporation.  For  example, 
in  a  prevaporizing  system,  the  spray  is  injected  into  the 
heated  air  stream  where  the  droplets  almost  completely 
evaporate  before  reaching  the  flame.  Because  the  spray 
injected  upstream  contains  a  large  number  of  droplets 
having  different  sizes,  temperatures,  and  velocities,  the 
■  interactions  among  these  droplets  play  an  important  role 
in  determining  the  characteristics  and  performance  of 
combustion  downstream. 
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The  evaporation  theory  of  a  single  droplet  has 
been  intensively  studied  over  the  past  several  decades. 
The  classical  droplet  model  is  well  known,  having  been 
described  and  discussed  at  length  in  the  literature  (see, 
e.g.,  Refs.  1-3).  However,  many  fundamental  aspects  of 
the  evaporation  mechanism  for  a  group  of  droplets  still 
are  not  well  understood  because  the  topological  changes 
in  the  droplet  geometry  resulting  from  the  interaction 
among  droplets  significantly  complicate  the  transient 
processes  of  momentum,  heat,  and  mass  transport 
between  the  liquid  and  vapor  phases. 

In  this  paper,  a  numerical  model  based  on  an 
Eulerian-type  finite-volume  scheme  is  presented  for 
studying  the  evaporation  and  combustion  processes  of 
droplets  having  various  sizes,  velocities,  and 
temperatures.  This  model  is  an  extension  of  the 
previous  model  [4]  developed  for  predicting  the  dynamic 
interaction  of  two  colliding  droplets  under  isothermal 
conditions.  In  addition  to  the  governing  equations 
solved  in  the  previous  model,  the  energy  and  species 
equations  have  been  solved  in  the  present  model  to  take 
into  account  the  heat  and  mass  transfer  of  the  droplets. 

The  purpose  of  the  present  study  is  -to  demonstrate 
the  capabilities  of  this  numerical  method  in  modeling 
the  complicated  transient  dynamics  involved  in  the 
evaporation  process  of  interactive  droplets.  The  detailed 
mathematics  formulation  and  numerical  schemes  will 
be  described  in  the  next  section.  Following  this,  the 
model  will  be  verified  by  simulating  the  evaporation  for 
a  single  round  droplet  in  a  flowing  air  stream,  which 
has  been  extensively  described  in  the  literature.  Finally, 
the  modeling  of  head-on  collisions  between  two  droplets 
in  a  hot-air  flows  will  be  presented  to  illustrate  the 
complex  evaporation  phenomena. 

MATHEMATICAL  FORMULATION 
(I)  Governing  equations 

For  the  system  modeled,  the  fluids  of  both  phases 
(gaseous  and  liquid)  can  be  treated  mathematically  ^  a 
single  fluid  having  two  significantly  different  propernes 
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separated  by  an  interface  that  is  infinitesimally  thin. 
The  governing  equations  for  the  defined  one-fluid 
system  can  be  expressed  as  follows: 

Continuity  equation  ;  ^  =  - V  •  5  (1) 


Momentum  equation : 

=  _Vp+  V-/xfV«+ 

+  Fr~^pg  +  We~^  J  ctk5(x-  Xg)ndA 

s 

Energy  equation : 


(2) 
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where  H(T)  =  j^  CpdT 


(3) 


Species  equation: 

p-^  =  V-p¥^Vy  +  jS(x-Xs)d)^dA  (4) 

s 

All  of  the  variables  in  these  equations  are 
normalized;  and  the  non-dimensional  parameters 
Re,  Pr,  Sc,  Fr,  We,  and  Le  represent  Reynolds, 
Prandd,  Schmidt,  Frondle,  Weber,  and  Lewis  numbers, 
respectively.  The  integral  terms  represent  the  transport 
of  mass,  momentum,  and  energy  exerted  only  on  the 
interfaces  (denoted  by  5^).  The  variables  required  to 
solve  in  Eqs.  (1H4)  are  u,  the  velocity  vector,  p,  the 
pressure;  T,  the  temperature;  and  Ty,  the  vapor 
concentration  of  the  droplet  The  thermophysical 
properties  p,  p,  Cp,  A,  and  j3  denote  density, 

viscosity,  specific  heat,  thermal  conductivity,  the 
molecular-diffusion  coefficient  of  species  k,  and  the 
thermal  expansion  coefficient,  respectively.  The 
variables  and  properties  defined  on  the  gas-liquid 


interface  are  (T,  the  surface  tension;  the  surface 
energy;  K,  the  curvature  of  interface;  d>y  the  mass 
evaporation  rate  per  unit  area;  and  ,  the  latent  heat  of 
fuel  at  reference  temperature  It  is  important  to 
include  in  the  energy  equation  to  prevent  violation 
of  the  second  law  of  thermodynamics  for  an  evaporation 
system  [5].  e^j  is  related  to  C7  by  a  surface  constitutive 
relation.  The  evaporation  rate  at  the  interface,  (by,  is 
determined  by  applying  chemical-equilibrium  conditions 
while  solving  the  species  equation. 


(II)  ‘l^vel  Set”  approach 

In  solving  these  equations  numerically,  difficulties 
arise  because  of  the  locality  of  surface  transports  in 
momentum,  energy,  and  evaporation  that  appear  as  the 
integral  terms  in  the  governing  equations.  The  “Level 
Sef’  approach  proposed  by  Sussman  et  al.  [6]  was 
adopted  to  reformulate  these  local  quantities  in  such  a 
way  that  they  can  be  properly  and  smoothly  re¬ 
distributed  over  a  region  having  finite  thickness.  If  ^  is 
defined  as  a  function  that  measures  the  normal  distance 
firom  the  interface,  the  surface  integral  terms  in  Eqs,  (2> 
(4)  can  be  rearranged  as  follows: 

J aKS(x-Xs)ndA=^  (7K((l))5((l>)^(p 
s 

J  eaS(x  -x,)dA=^eff(  (j))S  ( (j)) 

S 

J  d)yS(x-x,)dA  =>  (l))S((l)) 

s 

The  distance  function  is  assumed  to  be  positive  in 
the  liquid  phase  and  negative  in  the  gaseous  phase.  All 
of  the  surface  variables  and  properties  have  a  value  of 
zero  outside  the  interface  region  defined  by  0.  For 
tracking  the  interface  movement  due  to  flow  convection 
and  droplet  evaporation,  the  function  (p  is  solved  using 

the  following  equation: 


dt  At 


(5) 


where  A<p((by)/At  is  the  change  rate  of  ^  as  the  result 
of  evaporation.  If  the  volume  firaction  of  the  liquid 
phase  within  the  finite  interface  region  (with  a  thickness 

of  2cc)  is  assumed  to  be 

A^(di)y)/ At  can  be  derived  from 
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dV,  Pi  n  ,n^^A(p(d>^) 
o}„=p,^  =  -iX— 


dt 

^  \.Pi  ”]l  L2aJ 


4  a 


la  At 


(6) 


where  Pi  is  the  liquid  density  which  is  assumed  to  be 
constant  for  this  formulation. 


(HI)  Numerical  schemes 

The  numerical  scheme  chosen  for  this  study  is  a 
finite-volume  method  based  on  the  ALE  (Arbitrary 
Lagrangian-Eulerian)  grid  system.  By  coupling  this 
scheme  and  the  concept  of  split  velocity  [7],  the  parasite 
currents  resulting  from  the  locality  of  the  surface  force 
are  minimized  to  prevent  instability  and  also  to  ensure 
the  mass  conservation  of  droplets.  An  accurate 
accounting  of  the  surface-tension  term  of  Eq.  (2)  for  this 
numerical  method  required  modification  of  the 
formulation  for  the  split  velocity  to  incorporate  the 
surface  force  with  the  pressure  force.  Figure  1  illustrates 
the  concept  of  using  split  velocity  in  this  numerical 
method.  The  velocity  nodes  are  located  at  the  comers  of 
the  grid,  and  the  remaining  field  variables  are  located  at 
the  center  of  the  cell.  The  split  velocities  on  four  sides 
of  each  velocity-node  point  were  used  to  satisfy  the 
continuity  equation,  which  is  crucial  in  avoiding  the 
mass  loss  of  droplets  due  to  numerical  inaccuracy. 
With  the  use  of  split  velocities,  the  continuity  equation 
is  satisfied  if  the  summation  of  all  the  split  velocities 
surrounding  a  single  scalar  cell  is  equal  to  zero.  That  is, 

[(«-i+\.j+uUij+x)-(ulj+i4j+x)]Ay+ 

In  the  mean  time,  these  split  velocities  are  used  to 
discretize  the  interface  tracking  equation  [Eq.  (5)]  to 
ensure  the  mass  conservation  of  the  liquid  phase. 

A  second-order  upwind  scheme  was  applied  to 
discretize  the  convective  term  in  Eq.  (2)  for  eliminating 
excess  numerical  diffusion.  Because  of  the  large  density 
gradient  across  the  interface  between  the  droplet  and  the 
surrounding  gases,  a  fully  multi-grid  method  coupled 
with  a  MSIP  (Modified  Strongly  Implicit  Procedure) 
iteration  scheme  was  implemented. 


MODELING  DEMONSTRATION 

(I)  Single  droplet  evaporation 

The  numerical  model  was  tested  by  simulating  the 
evaporation  of  a  single  spherical  N-heptane  droplet 
injected  into  a  hot  air  stream  in  the  direction  opposite  to 


Figure  1  Schematic  illustration  of  ALE  formulation 
with  split  velocities 


that  of  the  flow.  The  droplet  has  a  diameter  of  40  pm 
and  a  temperature  of  300  K  initially  is  moving  from 
right  to  left  with  a  velocity  of  1  m/s.  Three  different 
velocities  of  the  air  stream  (1,  3,  and  6  m/s)  at  a 
temperature  of  1200  K  were  simulated.  The 
corresponding  Reynolds  and  Weber  numbers  of  the 
droplet  for  these  cases  are  Re  =  4.2,  8.5, 15.0  and  We  = 
0.0065,  0.026,  0.08,  respectively.  The  surface  tension 
for  the  N-heptane/air  mixture  is  obtained  from  the 
temperature-dependent  relationship  :  (T  =  0.128  - 
0-000 18T.  Figures  2-4  show  the  simulation  results  for 
all  three  flow  conditions  in  terms  of  vapoi 
concentrations,  temperature  distributions,  and  velocity 
vectors.  It  can  be  clearly  seen  in  Fig.  2  that  the  droplet 
volume  is  decreasing  at  various  rates  for  different  flow 
conditions.  In  general,  the  contours  of  vapor 
concentration  are  very  similar  for  all  three  cases,  except 
in  the  regions  surrounding  the  droplet  surface  during  the 
initial  short  build-up  stage  [see  Fig.  2(a)].  The  initial 
heat-up  process  of  the  droplet  is  shown  in  the 
temperature  contours  of  Fig.  3.  The  boiling 
temperature  of  N-heptane  at  1  atm  is  about  371  K.  The 
energy-transfer  mode  within  the  droplet  is  dominated  by 
conduction  at  the  early  stage  (e.g.,  Hgs.  (a)-(c)  for  Re  = 
4.2;  Figs,  (a),  (b)  for  Re  =  8.5;  and  Fig.  (a)  for  Re  = 
15).  As  the  internal  circulation  increases,  convection 
gradually  begins  to  dominate.  At  the  end  of  this  heating 
period,  the  temperature  of  the  droplet  becomes  nearly 
uniform— a  few  degrees  lower  than  the  boiling 
temperature  (371  K).  The  circulating  motion  of  the 
liquid  inside  the  droplet,  induced  by  the  shear  stress 
from  the  surrounding  higher  air  flow,  is  clearly  shown 
in  Fig.  4. 

For  comparing  the  modeling  results  with  theories, 
the  volume  reduction  of  the  droplet  was  plotted  as  a 
function  of  evaporation  time  (in  ms)  for  all  three  flow 
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Fisure  3.  Temperature  contours  inside  the  droplet  for  three  air-velocity  conditions  at 
(a)  t=0.01;  (b)  t=0.06;  (c)  t=0.12;  (d)  t=0.18;  (e)  t=0.24  ms.  The  contour 
value  is  calculated  from  T  =  300  -r  100  (n-1)  (K) 


Vol=53%  Vol=439fc  Vol=22% 

Figure  4.  Velocity  vectors  inside  the  droplet  for  three  air- velocity  conditions  at 
(a)  t=0.01;  (b)  t=0.22;  (c)  t=0.67;  and  (d)  t=1.12  ms. 


Figure  5.  Volume  history  of  evaporating  droplet 
(normalized  by  its  initial  value)  for  different  air 
velocities 


Figure  6.  Volume  history  of  evaporating  droplet 
(normalized  by  its  initial  value)  for  different  air 
temperatures 

conditions.  In  Fig.  5  the  solid  line  is  the  volume 
history  derived  from  the  traditional  d^  law;  and  the  three 
dashed  lines  represent  the  theoretical  predictions,  taking 
into  account  the  correction  for  convection.  The  effect  of 
convective  heat  transfer  is  described  by  the  Nusselt- 
number  dependence  on  the  Reynolds  and  Prandtl 
numbers.  The  empirical  relationship  used  in  the  present 
study  is  =  2  +  The  comparisons 

show  that  the  evaporation  rates  are  -  10-40%  higher 
from  modeling  than  those  predicted  from  theories.  Since 
the  theories  chosen  in  the  study  were  derived  based  on 
numerous  assumptions,  a  more  rigorous  verification  of 
this  numerical  model  is  required.  Similar  comparisons 
were  also  made  for  the  three  different  air-temperature 
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Figure  7.  Schematic  diagram  of  model  for  collision 
between  two  droplets 

conditions  (800,  1200,  and  1600  K)  shown  in  Fig.  6 
with  the  air  velocity  being  fixed  at  3  m/s.  As  seen  in 
Fig.  5,  the  model  predicts  higher  evaporation  rates  than 
the  theory. 

(IC)  Evaporation  from  two  colliding  droplets 

The  advantage  of  the  present  model  is  the 
capability  to  model  the  evaporation  process  of  droplets 
having  complicated  geometrical  interactions.  To 
demonstrate  this,  a  series  of  simulations  were  made  for 
the  head-on  collision  between  two  droplets  in  a  hot 
flowing  air  stream.  Three  different  relative  collision 
velocities  were  chosen— 1,  5  and  8  m/s.  Figure  7 
illustrates  the  modeled  system  in  which  the  two  droplets 
can  be  of  different  size,  velocity,  and  temperature.  The 
air  stream  is  kept  constant  at  a  velocity  of  8  m/s  and  a 
temperature  of  1200  K.  The  numerical  model  of  droplet 
collision  under  isothermal  conditions  has  been  verified 
against  experiments  in  a  previous  study  [4]  and  the 
agreement  is  fairly  good.  Figure  8  shows  the 
concentration  distributions  of  fuel  vapor  in  the  early 
stage  of  collision,  where  the  droplet  mass  evaporated  is 
<  2%.  Depending  on  the  relative  momentum  between 
droplets,  two  different  modes  of  collision  can  be 
observed  (coalescence  and  separation).  Figure  9  shows 
the  temperature  contours  within  the  droplets;  and  the 
heat-up  period  is  short  compared  to  the  lifetime  of  a 
droplet 

CONCLUSIONS 

A  numerical  method  based  on  the  finite-volume 
scheme  was  introduced  for  modeling  evaporation 
phenomena  among  interactive  liquid  droplets.  This 
model  applied  the  concepts  of  “level  set”  and  split 
velocity”  to  resolve  the  complicated  topological 
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variations  of  the  droplet  surfaces  and  also  to  ensure  that 
the  volume  loss  of  droplets  due  to  numerical  inaccuracy 
would  be  within  the  allowed  tolerance.  The  simulation 
results  from  evaporation  of  a  single  droplet  were  used  to 
verify  the  present  model  by  comparing  the  time  history 
of  volume  reduction  with  theoretical  predictions.  Head- 
on  collisions  between  two  round  droplets  in  a  hot  air- 
stream  were  also  simulated  to  illustrate  the  capability  of 
the  present  model  in  predicting  the  distributions  of  fuel 
vapor  surrounding  the  droplets  and  the  temperature  fields 
inside  the  droplets. 
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Figure  8.  Concentration  contours  of  fuel  vapor  for  three  relative  collision  velocities 
at  (a)  t=0.01;  (b)  t=0.04;  (c)  t=0.07;  (d)  t=0.10;  (e)  t=0.13;  (f)  t=0.16  ms. 
The  contour  value  is  calculated  from  Y  =  0.01  +  0.1  (n-1) 


Figure  9.  Temperature  contours  inside  droplets  for  three  relative  collision  velocities 
at  (a)  t=0.01;  (b)  t=0.04;  (c)  t=:0.07;  (d)  t=0.10;  (e)  t=0.13;  (f)  t=0.16  ms. 
The  contour  value  is  calculated  from  T  =  300  +  100  (n-1)  (K) 


AIAA  97-0128 


Momentum  Coupling  Effects  in  a  Two- 
Phase  Swirling  Jet 

T.  W.  Park 
Wright  Laboratory 
Wright-Patterson  AFB,  OH 

S.  K.  Aggarwal 

University  of  Illinois  at  Chicago 
Chicago,  IL 

V.  R.  Katta 

Innovative  Scientific  Solutions,  Inc. 

Dayton,  OH 


35th  Aerospace  Sciences 
Meeting  &  Exhibit 

January  6-10, 1997  /  Reno,  NV 


For  permission  to  copy  or  republish,  contact  the  American  Institute  of  Aeronautics  and  Astronautics 
1801  Alexander  Bell  Drive,  Suite  500,  Reston,  VA  22091 

1052 


MOMENTUM  COUPLING  EFFECTS  IN  A  TWO-PHASE  SWIRLING  JET 

T.  W.  Park* 

Wright  Laboratory 

Wright-Patterson  Air  Force  Base,  OH  45433-7103 

S.  K.  Aggarwal** 

University  of  Illinois  at  Chicago 
Chicago,  IL  60607 

and 

V.  R.  Katta^ 

Innovative  Scientific  Solutions,  Inc. 

Dayton,  OH  45430 


Abstract 

In  this  paper,  we  present  direct  numerical  simulation 
of  a  droplet-laden  swirling  jet,  and  examine  the  effects  of 
swirl  and  two-phase  momentum  coupling  on  the  jet 
dynamics  and  structural  characteristics.  A  time-dependent, 
multidimensional,  two-phase  algorithm  is  developed  for 
the  simulation.  Results  for  the  single-phase  swirling  jet 
at  a  Reynolds  number  of  800  indicate  that  the  dynamics 
of  large  scale  structures  is  strongly  affected  by  the  degree 
of  swirl  imparted  to  the  incoming  flow.  For  low  and 
intermediate  swirl  intensities,  the  vortex  rings  rollup 
closer  to  the  nozzle  exit,  their  frequency  increases,  and 
pairing  interactions  become  progressively  stronger  as  the 
swirl  number  is  increased.  For  a  strongly  swirling  jet, 
the  presence  of  a  central  stagnant  zone  and  recirculation 
bubble  cause  a  dramatic  increases  in  the  jet  spreading 
angle,  and  this  has  a  very  dramatic  effect  on  vortex 
dynamics.  Results  for  the  two-phase  swirling  jet  indicate 
that  for  a  mass  loading  ratio  of  unity,  the  jet  dynamic  and 
time-averaged  behavior  are  strongly  affected  by  both  the 
interphase  momentum  coupling  and  swirl  intensity. 

Introduction 

Swirling  jet  flows  are  utilized  in  a  wide  range  of 
applications.  By  imparting  swirl  to  the  incoming  flow, 
the  structure  of  both  nonreacting  and  reacting  flows  can 
be  changed  in  a  dramatic  manner  [1].  The  structure  of 
swirling  jet,  for  example,  is  strongly  affected  by  the 
degree  of  swirl,  characterized  by  a  swirl  number  (S) 
which  is  defined  as  the  ratio  of  axial  flux  of  swirl  or 
azimuthal  momentum  to  that  of  axial  momentum.  For  a 
weakly  swirling  nonreacting  jet  (S  <  0.4),  the  jet 
growth,  entrainment  and  decay  are  enhanced  progressively 
•as  S  is  increased.  For  a  corresponding  strongly  swirling 
jet  (S  >  0.5),  the  behavior  changes  more  dramatically 
due  to  the  formation  of  a  recirculation  bubble.  In 
combustion  applications,  the  recirculation  bubble 
perhaps  represents  the  most  significant  and  useful  effect 
of  swirl,  as  it  plays  a  central  role  in  flame  stabilization 
and  enhanced  combustor  performance. 
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Extensive  research  efforts  have  been  expended  in 
understanding  and  characterizing  the  effects  of  swirl  in 
nonreacting  and  reacting  flows  [1-3].  A  commonly  used 
configuration  in  both  experimental  and  computational 
studies  involves  a  confin^  or  free  swirling  jet.  Most  of 
these  studies,  however,  deal  with  the  time-averaged 
behavior  of  swirling  jets.  The  transient  aspects, 
particularly  those  associated  with  large-scale  vortex 
structures,  have  not  been  examined,  although  these 
structures  have  been  shown  to  have  a  dominant  effect  on 
the  near  jet  flow  dynamics  of  non-swirling  jets. 
Numerous  experimental  and  numerical  studies  [4-5]  have 
shown  that  toroidal  vortex  rings  form  periodically  in  the 
near  field  of  round  jets  and  convect  downstream.  These 
axisymmetric  structures  roll  around  due  to  the 
inhomogeneous  flow  field,  and  may  also  undergo  pairing 
interactions,  depending  on  the  flow  conditions,  such  as 
initial  disturbance  level  and  other  experimental 
conditions.  In  addition,  their  dynamics  can  be  modified 
significantly  by  external  forcing  [6].  There  are  also  other 
mechanisms  that  can  modify  their  temporal  and  spatial 
growth  characteristics.  These  include  acoustic  (pressure) 
fluctuations  [7],  which  can  modify  the  dominant 
frequency  associated  with  large  scale  structures, 
compressibility  effects  [8],  and  density  variations  caused 
by  a  variation  in  temperature  or  molecular  weight  [9]. 
Yet  another  mechanism  that  may  alter  the  dynamic  of 
large  scale  structures  pertains  to  the  effect  of  swirl,  which 
induces  a  body  force  in  the  radial  momentum  equation, 
and  an  adverse  pressure  gradient  in  the  axial  direction.  For 
weakly  swirling  jets,  the  axial  adverse  pressure  gradient 
caused  by  swirl  can  modify  the  processes  of  vortex  rollup 
and  pairing  interactions.  For  strongly  swirling  jets,  the 
jet  spreading  and  recirculation  zone  created  by  the  swirl 
effect  can  have  a  more  dramatic  effect  on  the  dynamics  of 
vortex  rings.  To  our  knowledge,  these  aspects  dealing 
with  the  dynamic  interactions  between  large  scale 
structures  and  swirl,  and  those  between  large  structures 
and  droplets  in  a  swirling  shear  flow,  have  not  been 
investigated  in  previous  studies. 

In  this  paper,  we  present  a  numerical  simulation  of  a 
droplet-laden  swirling  jet.  The  major  objective  of  this 
study  is  to  investigate  the  dynamics  of  large  scale 
structures  under  different  swirl  conditions,  and  their 
interactions  with  the  droplets  injected  in  the  shear  layer 

REPRINTED  WITH  PERMISSION 


1053 


of  an  axisymmetric  swirling  jet.  A  direct  numerical 
solver  without  any  turbulence  or  subgrid  model  is 
employed.  The  simulation  Hrst  examines  the  dynamics  of 
vortex  rings  and  their  interactions  with  the  swirling  flow 
field  in  a  transitional  heated  jet.  Then,  a  droplet-laden 
swirling  jet  is  simulated  in  order  to  examine  the  effects 
of  two-phase  momentum  coupling  on  the  jet  dynamics 
and  structural  behavior.  The  jet  Reynolds  number  based 
on  a  jet  velocity  of  5.0  m/s,  diameter  of  25.4  mm,  and 
kinematic  viscosity  of  heated  jet  fluid  is  800.  In  our 
earlier  study  [10],  the  dynamics  of  a  nonswirling  two- 
phase  jet  was  investigated,  and  it  was  shown  that  the 
shear  layer  stability  and  vortex  dynamics  can  be  modified 
significantly  by  controlling  the  droplet  injection 
characteristics.  The  present  study  extends  that  work  to  a 
swirling  two-phase  jet,  and  examines  the  effects  of  both 
swirl  and  two-phase  momentum  coupling  on  its  dynamic 
and  time-averaged  structure. 

Physical-Numerical  Model 

A  cartoon  of  the  two-phase  swirling  jet  investigated 
in  the  present  study  is  shown  in  Fig.  1.  It  consists  of  a 
central  swirling  jet  which  is  a  two-phase  mixture  of  air 
and  liquid  fuel  (n-heptane)  droplets  and  a  low-speed 
annular  air  flow.  The  jet  at  axial  velocity  of  5.0  m/s  and 
temperature  of  1200  K  is  issuing  into  a  coflow  with  a 
velocity  of  0.2  m/s  without  swirl  and  temperature  of  294 
K.  Note  that  the  use  of  high  jet  temperature  is  based  on 
the  consideration  that  we  plan  to  investigate  an 
evaporating  spray  in  a  subsequent  study.  In  the  present 
study,  a  nonevaporating  spray  is  simulated  in  order  to 
examine  the  effects  of  two-phase  momentum  coupling  in 
the  near  region  of  a  swirling  jet.  The  jet-shear-layer 
instability  is  primarily  of  the  Kelvin-Helmholtz  type 
[10]. 

The  numerical  model  is  based  on  solving  the  time- 
dependent,  two-phase  equations  in  an  axisymmetric 
geometry.  The  unsteady,  axisymmetric  governing 
equations  in  cylindrical  (z,  r)  coordinates  for  a  droplet¬ 
laden  swirling  jet  are 


5(p4>)  ^  d{pu^)  d{p\^)  _ 
dz 

-£.f  r'*’— 1+— f  r*— 1 

dz{  dr)  dr{  dz) 


r  r  dr  ^ 


(1) 


The  general  form  of  Eq.  (1)  represents  the  continuity, 
three  momentum,  and  energy  conservation  equations 
depending  on  the  variable  used  for  <I>.  The  transport 
coefficients  and  the  source  terms  and  Sf  that 

appear  in  the  governing  equations  are  listed  in  Table  1. 
Note  that  the  equations  in  Table  1  correspond  to  an 
evaporating  two-phase  flow.  For  the  present  study,  which 
simulates  a  non-evaporating  two-phase  flow,  the  species 
equations  are  not  considered,  and  droplet  vaporization  rate 
(mj^)  is  taken  identically  equal  to  zero.  The  transport 


coefficients  F^  and  source  terms  contain  the  fluid 
properties  such  as  viscosity  (;t),  thermal  conductivity 

(A),  and  specific  heat  They  are  considered 

functions  of  temperature  and  species  concentration. 

The  effect  of  dispersed  phase  on  gas-phase  properties 

is  incorporated  through  the  sourcc/sink  terms  (Sf), 
representing  the  exchange  of  momentum  between  the  gas 
and  dispers^  phases.  In  order  to  evaluate  these  terms,  it 
is  necessary  to  establish  droplet  trajectories.  The 
Lagrangian  approach  is  employed  to  solve  the  liquid- 
phase  governing  equations  for  the  dynamics  of  each 
droplet  group.  The  spray  is  characterized  by  a  discrete 
number  of  droplet  groups,  distinguished  by  their 
injection  location,  initial  size,  and  time  of  injection.  A 
droplet  group  in  a  Lagrangian  treatment  represents  a 
characteristic  group  containing  a  finite  number  of 
droplets.  Since  an  axisymmetric  configuration  is 
analyzed,  the  liquid  properties  are  implicitly  averaged  in 
the  azimuthal  direction  and  the  number  of  droplets 
associated  with  each  characteristic  group  represents 
droplets  uniformly  distributed  in  an  annular  ring.  The 
equations  governing  the  variation  of  position  and 
velocity  of  each  droplet  are  as  follows: 
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The  numerical  solution  of  the  unsteady  two-phase 
equations  employs  an  implicit  algorithm  for  solving  the 
gas-phase  equations,  and  an  explicit  Runge-Kutta 
procedure  for  the  liquid-phase  equations.  The  finite- 
difference  forms  of  the  momentum  equations  are  obtained 
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using  an  implicit  QUICKEST  scheme  [li]»  while  those 
of  energy  equations  are  obtained  using  an  hybrid  scheme 
of  upwind  and  central  differencing  [12].  A  "finite  control 
volume”  approach  with  a  nonuniform  staggered-grid 
system  is  utilized.  An  orthogonal  grid  having  expanding 
cell  sizes  in  both  the  axial  and  the  radial  direction  is 
employed.  An  iterative  ADI  (Alternative  Direction 
Implicit)  technique  is  used  for  solving  the  resulting  sets 
of  algebraic  equations.  At  every  time  step,  the  pressure 
Held  is  calculated  by  solving  all  the  pressure  Poisson 
equations  simultaneously  and  utilizing  the  LU  (Lower 
and  Upper  diagonal)  matrix  decomposition  technique. 

Axisymmetric  calculations  are  made  on  a  physical 
domain  of  400  x  150  mm  utilizing  a  151  x  61 
nonuniform  grid  system.  The  computational  domain  is 
bounded  by  the  axis  of  symmetry  and  an  outflow 
boundary  in  the  radial  direction  and  by  the  inflow  and 
another  outflow  boundary  in  the  axial  direction.  The 
outer  boundaries  in  the  z  and  r  directions  are  located 
sufficiently  far  from  the  nozzle  exit  (16  nozzle  diameters) 
and  the  axis  of  symmetry  (6  nozzle  diameters), 
respectively,  to  minimize  the  propagation  of  boundary- 
induced  disturbances  into  the  region  of  interest  (7  and  2 
nozzle  diameters  in  the  axial  and  radial  directions, 
respectively).  A  flat  profile  for  axial  velocity  and  a  linear 
profile  for  swirl  velocity  (swirl  velocity  being  a  linearly 
increasing  function  of  radius)  are  used  at  the  inflow 
boundary.  A  zero-gradient  boundary  condition  with  an 
extr^lation  procedure  with  weighted  zero-  and  first-order 
terms  is  used  to  estimate  the  flow  variables  at  the 
outflow  boundary.  The  weighting  functions  are  selected 
using  the  trial-and-error  approach,  and  the  main  criterion 
used  is  that  the  vortices  crossing  the  outflow  boundary 
leave  smoothly  without  being  distorted.  For  the  given 
flow  conditions,  a  steady-state  solution  was  first  obtained 
by  neglecting  the  unsteady  terms  in  the  governing 
equations.  Then,  the  unsteady  two-phase  swirling  jet 
simulations  were  performed  using  the  previously 
obtained  steady-state  solution  as  the  initial  flow 
condition. 

The  liquid-phase  equations  governing  the  position  of 
each  droplet  group  are  ^vanced  in  time  by  a  second-order 
accurate  Runge-Kutta  method.  Since  the  gas-phase 
solution  employs  an  implicit  procedure,  the  temporal 
step  size  used  for  integrating  the  liquid-phase  equations  is 
usually  smaller  than  that  for  gas-phase  equations.  An 
automatic  procedure  is  implemented  in  order  to  select  an 
optimum  liquid-phase*  time  step.  The  procedure  to 
advance  the  two-phase  solution  over  one  gas-phase  time 
step  is  as  follows.  Using  the  known  gas-phase 
properties,  the  liquid-phase  equations  are  solved  over  the 
specified  number  of  liquid-phase  subcycles.  A  third-order 
.  accurate  Lagrangian  polynomial  method  is  used  for 
interpolating  the  gas-phase  properties  from  the 
nonuniform  fixed  grid  to  the  droplet  characteristic 
location.  It  should  be  noted  that  the  interpolation  scheme 
for  the  gas-phase  velocities  u  and  v  is  based  on  their 
respective  grid  cells  because  of  the  use  of  a  staggered  grid 
in  gas-phase  calculation.  The  droplet  properties  are 
updated  after  every  liquid-phase  subcycle.  Also,  during 
each  subcycle,  the  liquid-phase  source  terms  2q)pearing  in 
the  gas-phase  equations  are  calculated  at  the  characteristic 


location,  and  then  distributed  to  the  surrounding  gas- 
phase  grid  points.  These  source  terms  are  added  at  each 
gas-phase  grid  points  during  one  gas-phase  time  step  and 
then  used  in  the  implicit  solution  of  the  gas-phase 
equations. 

Numerical  validation  studies  for  both  single-phase 
and  two-phase  jets,  as  well  as  for  low-speed  diffosion 
flames,  employing  different  grids  and  temporal  step  sizes 
have  been  reported  previously  [10,  13].  Some  adddonal 
results  showing  grid  independence  are  depicted  in  Fig.  2. 
The  time-history  of  gas  velocity  computed  for  two 
different  grid  sizes,  151x61  and  226x91  for  non-swirling 
and  swirling  jets  is  plotted  in  figs  2a  and  2b,  while  the 
profiles  of  time-averaged  velocity  along  the  jet  axis  for 
three  different  swirl  numbers  are  plotted  in  Fig.  2c.  Since 
a  non-uniform  grid  is  employed  with  grid  lines  clustered 
near  the  shear  layer  to  resolve  the  steep  gradients  of  the 
dependent  variables,  additional  grid  points  in  the  226x91 
grid  are  placed  near  the  shear  layer,  thus  effectively 
reducing  the  grid  density  for  this  grid  by  nearly  hundred 
percent  compared  to  the  151x61  grid.  The  time-history 
plots  of  gas  velocity  clearly  depicts  the  highly  periodic 
nature  of  jet  vortex  rings  associated  with  the  Kelvin- 
Helmholtz  instability.  For  the  non-swirling  jet,  the 
Strouhal  number  associated  with  this  instability  obtained 
from  the  fast  Fourier  transform  of  axial  velocity  is  0.33, 
which  agrees  with  the  reported  experimental  range  of 
0.25-0.5.  The  aspects  pertaining  to  the  dynamic  and 
time-averaged  jet  behavior  for  different  swirl  numbers  are 
discussed  in  the  next  section.  Important  observation  here 
is  that  the  151x61  grid  is  able  to  capture  the  periodic 
behavior,  including  frequency  and  phase  of  the  vortex 
structures,  as  well  as  the  time-averaged  structure  of  both 
non-swirling  and  swirling  jets. 

Results  and  Discussion 

First,  we  examine  the  dynamics  of  single-phase 
swirling  jets  at  different  swirl  numbers  (S).  The  objective 
is  to  understand  and  characterize  the  dynamic  interactions 
between  swirl  and  large  scale  structures,  and  the  effects  of 
these  interactions  on  the  jet  behavior.  Since  the  jet 
dynamics  and  structural  characteristics  are  strongly 
influenced  by  the  presence  of  both  swirl  and  large  scale 
structures,  it  is  of  interest  to  examine  how  the  vortex 
dynamics  is  affected  by  swirl,  and  how  the  distribution  of 
swirl  and  its  decay  rate  are  modified  by  vortex  structures. 
The  latter  effect  is  important  since  the  swirl  decay  rate 
determines  the  pressure  distribution,  and  thereby  the  jet 
gross  behavior,  especially  the  onset,  location  and  extent 
of  the  recirculation  bubble  at  high  swirl  numbers.  The 
above  interactions  are  examined  by  employing  flow 
visualization  (snapshots  of  the  flow  field),  as  well  as  the 
instantaneous  and  time-averaged  properties. 

Figure  3  shows  some  representatives  snapshots  of  the 
flow  field  for  different  swirl  numbers.  In  each  snapshot, 
we  plot  instantaneous  iso-temperature  contours  on  the 
right,  and  streaklines  on  the  left.  Simulations  for  the 
nonswirling  jet  indicate  the  presence  of  well-organized 
vortex  rings.  Toroidal  vortex  rings  roll  up  periodically 
near  z  =  4  cm  (z/D  =  1.6)  from  the  nozzle  exit,  convect 
downstream,  and  undergo  a  weak  pairing  interaction  near 
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z=16  cm.  The  snapshot  for  S=0  clearly  indicates  a  vortex 
rollup  occurring  near  z  :=  4  cm,  and  a  pairing  interaction 
near  z  =  16  cm.  These  results  were  confirmed  by  the  fast 
Fourier  transform  of  axial  velocity  recorded  at  several 
axial  locations,  shown  in  Fig.  4,  which  yields  dominant 
frequencies  of  64  and  32  Hz  corresponding  to  the  roll  up 
and  merging  frequencies  respectively.  Results  for  S  = 
0.375,  Fig.  3,  indicate  a  more  dramatic  effect  of  swirl  on 
the  dynamics  of  large  scale  structures.  First  of  all,  the 
vortex  rollup  location  is  shifted  upstream  and  frequency 
is  increased  from  64  to  75  Hz  compared  to  the 
nonswirling  case.  Second,  the  vortex  pairing  becomes  a 
prominent  feature  of  shear  layer  dynamics  in  the  near  jet 
region,  which,  we  speculate,  is  caused  by  the  adverse 
pressure  gradient  effect  of  swirl.  Since,  the  pressure 
increases  along  the  center  line  for  the  swirling  case,  the 
center-line  velocity  for  the  swirling  jet  decays  faster 
compared  to  that  for  the  nonswirling  jet  This  is  indicated 
clearly  in  Fig.  5a,  which  shows  the  variation  of  time- 
averaged  gas  velocity  along  the  center  line  for  different 
swirl  numbers.  As  a  result  the  leading  toroidal  vortex  is 
slowed  down,  causing  a  well-organized  pairing  interaction 
to  occur  near  z  =  7  cm.  The  faster  decay  of  center-line 
velocity  also  causes  the  occurrence  of  second  vortex 
pairing  near  z=12  cm.  The  processes  of  shear  layer  rollup 
and  pairing  interactions  for  S=0.375  are  clearly  depicted 
in  Fig.  3.  The  corresponding  frequencies,  obtained  from 
the  fast  Fourier  transform  of  axial  velocity  and  displayed 
in  Fig.  4,  are  74,  37,  and  19  Hz  respectively.  The 
occurrence  of  multiple  vortex  pairings  in  a  swirling  jet 
has  an  important  implication  with  regard  to  the  effect  of 
swirl-vortex  interaction  on  the  jet  development  and 
entrainment.  Since  the  presence  of  multiple  vortex 
pairings  is  known  to  enhance  shear  layer  growth  and 
entrainment,  the  numerical  results  indicate  that  the 
addition  of  swirl  modifies  vortex  dynamics  in  a  way 
which  further  enhances  the  beneficial  effects  of  swirl. 

As  the  swirl  intensity  is  increased,  the  above  effects 
become  progressively  stronger.  The  increased  swirl 
strength  promotes  greater  jet  spreading,  mixedness,  and 
reduction  of  the  potential  core.  In  addition,  the  vortex 
rollup  occurs  earlier  (more  upstream),  and  the  convecting 
toroidal  vortex  slows  down  considerably,  as  it  moves 
radially  outward  (due  to  jet  spreading)  and  the  center-line 
velocity  decays  more  rapidly.  Consequently,  with 
increased  swirl,  vortex  pairings  occur  earlier  and  with 
greater  intensity,  further  promoting  shear  layer  growth 
and  entrainment.  For  S  =  0.5,  as  noted  in  Fig.  3,  the 
locations  of  vortex  rollup,  and  first  and  second  pairing 
interactions  are  approximately  at  z  -  2,  5,  and  8  cm 
respectively,  compared  with  the  corresponding  values  of 
3,  7,  and  10  cm  for  S  =  0.375.  In  addition,  the 
corresponding  frequencies  are  higher  and  a  third  pairing 
interaction  is  observed  for  S  =  0.5;  see  Fig.  4.  The  above 
observations  are  also  confirmed  by  the  axial  profiles  of 
time-averaged  gas  velocity  and  temperature  shown  in  Rg. 
5.  As  S  is  increased,  the  centerline  temperature  decreases 
more  rapidly,  indicating  a  pronounced  increase  in  the 
shear  layer  growth  and  entrainment  of  colder  fluid  into 
the  hot  jet.  This  is  a  significant  result  in  that  the  overall 
effect  of  swirl- vortex  interaction  at  low  to  intermediate 
swirl  intensities  (S  <  0.5)  is  to  augment  the  effect  of 


each.  Note  that  both  the  addition  of  swirl  and  the 
presence  of  large  vortex  structures  are  known  to  enhance 
shear  layer  growth  and  entrainment.  Our  results  indicate 
that  an  increase  in  swirl  intensity  promotes  multiple 
vortex  pairings,  which  further  enhances  shear  layer 
growth  and  entrainment,  i.c.  large  structures  augment  the 
effect  of  swirl  and  vice  versa. 

A  more  dramatic  effect  occurs  as  the  swirl  number 
exceed  0.5,  which  represents  the  onset  of  recirculation 
bubble  in  the  jet  flow.  For  S  >  0.5,  a  stagnant  region 
develops  near  the  center  line  due  to  the  reverse  flow 
caused  by  adverse  pressure  gradient,  and  a  toroidal 
recirculation  bubble  appears.  Both  the  central  stagnation 
region  and  recirculation  bubble  can  be  seen  clearly  from 
the  time-averaged  velocity  vector  plots  in  Fig.  6.  Also 
notable  in  this  figure  is  the  presence  of  a  secondary 
recirculation  zone  for  S  =  0.75,  located  just  below  the 
primary  recirculation  bubble.  The  stagnation  region  and 
reverse  flow  are  also  quite  evident  in  the  time-averaged 
axial  velocity  profile  for  S  =  0.75  given  in  Fig.  5.  In 
addition,  as  noted  in  Fig.  6,  the  jet  shear  layer  for  S  = 
0.75  is  shifted  significantly  outward  in  the  radial 
direction,  and  exhibits  a  highly  dynamic  structure.  It  is 
interesting  to  note  that  while  at  su^ritical  swirl  numbers 
(S  <  0.5),  toroidal  vortices  are  an  intrinsic  part  of  jet 
dynamics,  their  existence  becomes  less  obvious  at 
supercritical  swirl  numbers  (S  >  0.5).  Thus,  an 
important  issue  to  be  addressed  here  pertains  to  the 
existence  and  nature  of  large  scale  structures  for  strongly 
swirling  jets,  and  whether  the  transient  jet  behavior  can 
be  attributed  to  these  structures.  One  may  argue  that 
these  structures  get  destroyed  due  to  the  rapid  decay  of 
shear  and  increased  mixing  in  a  strongly  swirling  jet. 
Based  on  an  extensive  visualization  of  the  swirling  jet 
dynamics  for  S  =  0.75,  we  speculate  that  large  vortex 
structures  are  still  present,  though  their  behavior  is 
markedly  different  from  those  for  the  weakly  and 
moderately  swirling  jets  (S  <  0.5).  The  vortex  structures 
for  S  =  0.75  are  shifted  outward  in  the  radial  direction  and 
do  not  look  like  the  Kelvin-Helmholtz  vortex  rings  that 
are  typically  observed  in  a  transitional  jet.  However,  a 
series  of  snapshots  (not  shown)  indicates  that  they  do 
exhibit  the  processes  of  rollup  and  pairing  interactions, 
though  in  a  significantly  less  organized  manner.  The 
snapshots  further  indicate  that  a  pair  of  counter-rotating 
toroidal  vortices  (an  outer  Kelvin-Helmholtz  type  vortex 
rotating  clockwise  and  an  inner  vortex  rotating  counter¬ 
clockwise;  the  latter  may  be  due  to  the  presence  of  central 
stagnation  region)  is  generated  periodically.  As  these 
vortices  convect  downstream,  they  grow  in  size,  and  the 
outer  structure  roll  around  the  inner  structure  since  the 
latter  is  in  a  nearly  stagnant  region.  In  addition,  both 
outer  and  inner  vortices  undergo  pairing  interactions  with 
other  (trailing)  outer  and  inner  vortices  respectively.  We 
also  speculate,  based  on  the  flow  visualization  and  time- 
averaged  velocity  vector  plots  shown  in  Fig.  6,  that  the 
size  and  location  of  recirculation  bubble  is  determined  by 
these  dynamic  swirl-vortex  interactions,  and  not  by  the 
adverse  pressure  gradient  (swirl  effect)  alone.  In  other 
words,  due  to  the  effect  of  swirl,  the  outer  vortex  is 
shifted  outward  in  the  radial  direction,  and  its  subsequent 
dynamics  as  well  as  that  of  inner  vortex  are  determined 


4 

1056 


by  the  swirling  flow  field.  These  vortices  in  turn  play  a 
major  part  in  determining  the  location  of  recirculation 
zone;  it  appears  that  the  recirculation  zone  is  established 
at  a  location  where  the  outer  vortex  structure  is  pulled  in 
radially. 

Two-Phase  Momentuin  Coupling  Effects 

We  now  examine  the  effects  of  two-phase  momentum 
coupling  on  the  dynamics  and  time-averaged 
characteristics  of  a  droplet-laden  swirling  jet.  Droplets  of 
a  given  size  are  injected  from  the  nozzle  rim,  and  their 
motion  is  followed  by  integrating  Eqs.  (2-3)  using  a 
second-order  Runge-Kutta  scheme.  At  low  mass  loadings, 
the  effect  of  droplets  on  the  jet  dynamics  is  negligible, 
although  their  motion  and  concentration  field  are  strongly 
influenced  by  the  rotating  toroidal  vortices.  As  the 
dispersed-phase  mass  loading  is  increased,  the  effects  due 
to  the  exchange  of  mass,  momentum,  and  energy 
between  the  phases  become  increasingly  important  In 
the  present  study,  a  nonevaporating  two-phase  jet  is 
considered  in  order  to  isolate  momentum  coupling  effects 
from  those  due  to  mass  and  energy  coupling.  These 
effects  depend  on  several  parameters,  including  liquid-to- 
air  mass  loading  ratio  and  injection  characteristics  such  as 
initial  droplet  size,  location,  and  velocity.  For  the  present 
study,  we  consider  mass  loading  of  unity  and  initial 
droplet  diameter  of  100  jim,  with  the  droplets  injected  in 
the  shear  layer  with  axial  velocity  same  as  the  jet 
velocity,  and  zero  radial  and  azimuthal  velocities.  Note 
that  the  choice  of  droplet  diameter  is  based  on  the 
consideration  that  it  yields  a  Stokes  number  of  near  unity 
for  the  nonswirling  jet.  The  Stokes  number  here  is 
defined  as  the  ratio  of  droplet  response  time  to  a 
characteristic  flow  time,  the  latter  based  on  the  dominant 
vortex  frequency.  Several  experimental  and  numerical 
studies  [14-17]  have  shown  that  the  interaction  of  large 
structures  with  droplets  is  maximized  near  a  Stokes 
number  of  unity. 

Flow  visualization  is  used  to  assess  qualitatively  the 
effects  of  dispersed  phase  on  the  dynamics  of  large  scale 
structures  under  different  swirl  conditions.  In  the 
following  discussion,  case  A  refers  to  single-phase  jets, 
while  B  refers  to  two-phase  jets.  Figure  7  depicts 
representative  snapshots  of  the  flow  field  for  different 
swirl  numbers.  Comparison  of  the  snapshots,  for 
nonswirling  (S  =  0)  single-phase  and  two-phase  jets, 
given  in  Figs.  3  and  7  respectively,  indicates  that  the 
vortex  rollup  location,  dynamics,  and  pairing  interactions 
are  strongly  modified  due  to  momentum  coupling.  In 
addition,  it  is  observed  that  for  the  two-phase  jet  (case  B), 
the  vortex  structures  are  stronger  and  entrain  more  low- 
.speed  (colder)  fluid  compared  to  those  for  the  single-phase 
jet  (case  A).  The  comparison  of  snapshots  for  swirling 
jets  also  indicates  a  significant  modification  of  vortex 
dynamics  due  to  the  momentum  coupling  effect.  For  low 
to  moderate  swirl  numbers  (S  <  0.5),  the  vortex  pairing 
is  a  prominent  feature  of  jet  dynamics  for  case  A,  while 
it  is  not  observed  for  case  B.  For  the  strong  swirl  case  (S 
=  0.75),  an  important  effect  of  two-phase  momentum 
coupling  is  a  drastic  reduction  in  the  size  of  recirculation 
bubble,  even  though  the  central  stagnation  region  still 


exists.  This  can  be  seen  more  clearly  in  terms  of  time- 
averaged  velocity  vector  plots  in  Fig.  11.  The  effect  of 
momentum  coupling  on  ^e  time-averaged  structure  is 
discussed  in  the  following  section. 

The  above  observations  are  confirmed  by  obtaining 
the  spectral  and  time-averaged  properties  for  the  two 
cases.  Figure  8  shows  the  time  history  of  gas-phase  axial 
velocity  for  single-phase  and  two-phase  jets  at  different 
swirl  numbers.  Results  of  the  fast  Fourier  transform  of 
these  axial-velocity  histories  are  depicted  in  Figs.  4  and 
9.  As  discussed  earlier,  for  single-phase  jets  with  low  to 
moderate  swirl  numbers  (S  <  0.5),  the  processes  of  shear 
layer  roll-up  and  vortex  formation  are  well  organized.  In 
addition,  the  roll-up  frequency  increases  and  pairing 
interactions  become  more  prominent  as  the  swirl  number 
is  increased.  These  results  are  quite  evident  in  Fig.  4;  the 
roll-up  frequencies  are  64,  72,  and  80  Hz  for  S  =  0, 
0.375,  and  0.5  respectively.  Also  noteworthy  in  Fig.  4 
are  the  first  and  second  pairing  interactions  at  frequencies 
of  36  and  18  Hz  respectively  for  S  =  0.375,  and  at  40  and 
20  Hz  respectively  for  S  =0.5.  In  contrast,  for  the 
corresponding  two-phase  jets  (case  B),  the  shear  layer 
dynamics  is  less  organized,  and  the  roll-up  frequency 
decreases  and  becomes  independent  of  the  swirl  number. 
As  indicated  in  Figs.  8  and  9,  the  roll-up  frequency  is  50 
Hz  for  S  =  0,  0.375,  and  0.5.  Another  important 
observation  from  Fig.  9  is  the  absence  of  pairing 
interactions  for  case  B,  which  is  also  evident  in  Fig.  7. 
This  is  attributable  to  the  fact  that  the  interphase 
momentum  coupling  modifies  the  distribution  of  swirl 
intensity  in  the  axial  direction,  resulting  in  a  decrease  of 
adverse  pressure  gradient  and  jet  spreading  angle.  As 
noted  earlier,  the  adverse  pressure  gradient  caused  by  swirl 
is  responsible  for  the  enhanced  vortex  pairings  in  single¬ 
phase  jets.  For  corresponding  two-phase  jets,  there  is  a 
transfer  of  azimuthal  momentum  from  the  gas  phase  to 
droplets,  which  reduces  swirl  intensity  near  the  nozzle. 
Further  downstream,  however,  the  momentum  is 
transferred  from  droplets  to  gas  phase,  increasing  the  gas- 
phase  swirl  intensity.  The  resulting  redistribution  of 
swirl  intensity  reduces  the  adverse  pressure  gradient  for 
the  two-phase  jet.  This  was  confirmed  by  plotting  the 
time-averaged  azimuthal  velocity  contours  (not  shown) 
and  axial  velocity  vectors,  shown  in  Fig.  11.  As  a 
consequence,  the  vortex  pairing,  which  is  prominent 
feature  of  moderately  swirling  (S  <  0.5)  single-phase 
jets,  is  not  observed  for  corresponding  two-phase  jets. 

Momentum-Coupling  Effect  on  the  Time* 
Averaged  .Tet  Structure 

The  effect  of  two-phase  momentum  coupling  on  the 
time-averaged  jet  behavior  is  depicted  in  Figs.  10  and  11. 
In  Fig.  10,  the  time-averaged  axial  gas  velocity  and 
temperature  are  plotted  along  the  jet  center  line,  while 
Fig.  11  shows  the  time-averaged  velocity  vectors  for 
different  swirl  numbers.  The  important  observations  from 
these  results  is  that  at  a  mass  loading  of  unity,  the 
dispersed  phase  significantly  modifies  the  time-averaged 
structure  of  the  jet  shear  layer,  and  the  degree  of 
modifications  depends  on  the  swirl  intensity.  For  the 
non-swirling  jet  (S  =  0),  as  the  shear  layer  develops,  the 
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gas-phase  velocity  decreases  along  the  center  line.  Since 
the  droplets  are  injected  at  the  jet  velocity*  they  now  have 
higher  velocity  than  the  gas  phase  resulting  in  a  transfer 
of  momentum  from  the  dispersed  phase  to  gas  phase. 
This  seems  to  enhance  the  shear  layer  instability 
resulting  in  enhanced  mixing  and  entrainment  of  colder 
fluid,  as  evidenced  by  a  faster  decay  of  centerline 
temperature  and  velocity  for  the  two-phase  jet  compared 
to  those  for  the  single-phase  jet  This  effect  is  mo^ed 
significantly  by  the  introduction  of  swirl.  As  noted 
earlier,  the  iidition  of  swirl  (S  =  0.375)  to  a  single-phase 
jet  causes  a  faster  decay  of  the  centerline  velocity 
(compared  to  a  non-swirling  jet),  resulting  in  vortex 
pairing.  This  leads  to  enhanced  mixing  and  entrainment 
of  colder  fluid  into  the  shear  layer,  note  a  sharp  increase 
in  the  rate  of  decrease  of  centerline  velocity  near  an  axial 
location  of  120  mm  for  the  single-phase  jet.  For  the 
corresponding  two-phase  jet,  the  transfer  of  azimuthal 
momentum  from  the  gas  phase  to  droplets  reduces  the 
swirl  intensity  near  the  nozzle.  This  initially  (z  <  120 
mm)  causes  a  faster  decay  of  centerline  velocity  for  the 
two-phase  jet  compared  to  that  for  the  single-phase  jet 
Further  downstream,  however,  the  direction  of  azimuthal 
momentum  transfer  is  reversed,  resulting  in  a  slower 
decay  of  centerline  velocity  for  the  two-phase  jet  In 
addition,  the  absence  of  vortex  pairing  for  two-phase  jet 
further  reduces  the  rate  of  decay  of  centerline  velocity. 
Consequently,  the  centerline  velocity  of  two-phase  jet 
becomes  higher  than  that  of  single-phase  jet  for  z  >  120 
mm.  The  absence  of  vortex  pairing  aJso  results  in  reduced 
mixing  and  entrainment  for  the  two-phase  jet. 
Consequently,  as  indicated  in  Fig  10b,  the  centerline 
temperature  decreases  less  r^idly  for  the  two-phase  jet 
The  above  effects  become  progressively  stronger  as 
the  swirl  number  is  increased.  For  S  =  0.5,  as  shown  in 
Fig.  10a,  the  centerline  velocity  of  single-phase  jet  first 
decreases  quite  rapidly  due  to  the  combined  effects  of 
shear  layer  growth,  adverse  pressure  gradient,  and  vortex 
pairings,  and  then  (z  >  100  mm)  increases  due  to  the 
transfer  of  axial  momentum  in  the  radial  direction;  see 
also  Fig.  6.  For  the  corresponding  two-phase  jet,  the 
centerline  velocity  decreases  much  less  rapidly,  again  due 
to  the  reduced  pressure  gradient  and  the  absence  of  vortex 
pairings.  The  centerline  temperature  also  decreases  slowly 
for  the  two-phase  jet,  again  implying  reduced  mixing  and 
entrainment  due  to  the  momentum  coupling  effect. 
Another  effect  of  momentum  coupling  is  seen  fiom  the 
comparison  of  time-averaged  velocity  vectors  for  single¬ 
phase  and  two-phase  jets  given  in  Figs.  6  and  11 
respectively.  The  comparison  of  these  figures  show  that 
due  to  the  momentum  transfer  from  droplets  to  gas  phase 
in  the  jet  shear  layer,  the  jet  width  is  decreased  and  the 
potential  eexe  is  lengthened  for  the  swirling  two-phase 
jet.  The  effect  becomes  more  distinguishable  for  S  =  0.5 
and  0.75,  where  the  momentum  coupling  generates  a 
curtain  (or  aivelope)  type  of  high-velocity  narrow  region 
inside  the  shear  layer.  An  important  consequence  of  this 
high-velocily  curtain  is  the  near  disappearance  of  the 
stagnation  region  for  swirling  two-phase  jet  for  S  =  03, 
and  that  of  recirculation  bubble  for  S  =  0.75.  The 
presence  of  a  large  recirculation  bubble  is  perhaps  the 
most  distinguishing  feature  of  a  strongly  swirling  (S  = 


0.75)  single-phase  jet;  sec  Figs.  3  and  6.  For  the 
corresponding  two-phase  jet,  our  results  indicate  that  the 
recirculation  bubble  becomes  nearly  non-existent,  even 
though  the  central  stagnation  and  reverse  flow  regions 
still  exist  inside  the  high-velocity  curtain.  The 
disappearance  of  recirculation  bubble  for  the  strongly 
swirl  case  may  be  attributed  to  the  momentum  coupling 
effect,  i.e.,  the  transfer  of  various  momentum 
components  between  the  phases.  Initially,  there  is  a 
transfer  of  swirl  momentum  from  the  gas  phase  to 
dispersed  phase,  causing  swirling  intensity  to  decrease 
much  more  rapidly  for  two-phase  jet  (case  B)  compared 
to  that  for  single-phase  jet  (case  A).  At  some  downstream 
location,  however,  the  direction  of  azimuthal  momentum 
transfer  reverses,  since  droplets  have  higher  momentum 
there.  Secondly,  the  jet  spreading  rate  is  reduced  for  case 
B  due  to  the  radial  momentum  transfer  from  the  gas 
phase  to  dispersed  phase.  In  addition,  there  is  a  reverse 
transfer  of  axial  momentum,  i.e.,  from  the  dispersed 
phase  to  gas  phase,  since  the  gas-phase  axial  velocity 
decreases  more  rapidly  that  of  disper^  phase,  generating 
the  high-velocity  curtain  mentioned  earlier.  All  of  these 
effects,  i.e.,  reduced  entrainment,  more  rapid  decay  of 
swirl  velocity  initially,  and  increase  of  gas  velocity,  lead 
to  a  near  disappearance  of  the  recirculation  bubble  for  the 
strongly  swirling  two-phase  jet.  Consequently,  for 
strongly  swirling  jets  (S  >  0.5),  the  jet  spreading  angle, 
shear  layer  growth  and  entrainment  are  reduced 
significantly  due  to  the  effect  of  interphase  momentum 
coupling. 

Conclusions 

In  this  paper,  we  have  investigated  the  effects  of  swirl 
and  two-phase  momentum  coupling  on  the  dynamics  and 
structural  behavior  of  a  droplet-laden  swirling  jet.  A 
direct  numerical  solver  based  on  an  Eulerian-Lagrangian 
formulation,  but  without  any  turbulence  or  subgrid 
model,  has  been  employed  to  simulate  the  transient 
behavior  of  a  transitional  swirling  jet.  Detailed  flow 
visualization  based  on  numerical  simulation  has  been 
used  to  examine  the  dynamics  of  large  scale  structures 
and  their  interactions  with  the  droplets  in  weakly  and 
strongly  swirling  jet  shear  layers.  In  addition,  the  effects 
of  swirl  and  dispersed  phase  on  the  time-averaged  jet 
structure  have  been  characterized.  Important  observations 
are  as  follows. 

Results  for  single-phase  swirling  jets  indicate  that  the 
dynamics  of  large  scale  structures  is  strongly  affected  by 
the  degree  of  swirl  imparted  to  the  incoming  jet.  For  low 
and  intermediate  swirl  intensities,  the  vortex  rings  rollup 
closer  to  the  nozzle  exit,  their  frequency  increases,  and 
pairing  interactions  become  progressively  stronger  as  the 
swirl  number  is  increased.  For  example,  there  is  one 
weak  vortex  merging  near  z/D  =  6  for  the  nonswirling 
jet,  and  two  vortex  mergings  near  z/D  =  3  and  5  for 
S=0.375,  while  for  S  =  0.5,  the  vortex  mergings  become 
stronger  and  occur  near  z/D  =  2  and  3  respectively. 
Consequently,  the  interaction  of  vortex  rings  with  the 
swirling  flow  field  gives  rise  to  a  mechanism,  which 
seems  to  be  responsible  for  the  enhanced  shear  layer 
growth  and  entrainment,  and  has  not  been  observed  in 
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previous  studies.  This  may  be  an  important  result,  with 
the  implication  that  the  addition  of  moderate  swirl  to  a 
transitional  jet  modifies  its  vortex  dynamics  in  a  way 
that  further  enhances  the  beneficial  effects  of  both  swirl 
and  vortex  structures  on  shear  layer  growth.  For  a 
strongly  swirling  jet,  the  presence  of  a  central  stagnant 
zone  and  recirculation  bubble  causes  a  drastic  increase  in 
the  jet  spreading  angle,  and  this  has  a  rather  dramatic 
effect  on  vortex  dynamics.  Detailed  visualization  of  the 
shear  layer  dynamics  indicates  that  as  the  shear  layer  is 
shifted  radially  outward,  a  pair  of  counter-rotating  toroidal 
vortices  is  generated  peric^cally,  and  the  eventual  shear 
layer  structure,  including  the  location  of  recirculation 
bubble,  is  determined  by  the  dynamic  interactions  of 
these  structures  with  the  stagnant  zone  and  recirculation 
bubble. 

Results  for  the  two-phase  swirling  jet  indicate  that  at 
a  mass  loading  ratio  of  unity,  the  jet  dynamics  and 
structural  characteristics  are  strongly  modified  by  the 
interphase  momentum  coupling.  Depending  upon  the 
amount  of  swirl  imparted  to  the  jet,  the  momentum 
coupling  can  cause  varied  and  in  some  cases  dramatic 
effects  on  the  dynamic  and  time-averaged  jet  structure. 
For  a  nonswirling  jet,  the  momentum  coupling  alters  the 
dynamics  of  large  vortex  structures,  modifying  their 
rollup  location  and  frequency,  and  causing  enhanced 
mixing  and  entrainment  of  colder  fluid  into  the  shear 
layer.  In  contrast,  for  weakly  and  moderately  swirling 
jets,  the  momentum  coupling  reduces  the  amount  of 
adverse  pressure  gradient,  and  suppress  the  vortex  pairing 
interactions.  These  effects  are  caused  by  the  redistribution 
of  gas-phase  axial,  radial,  and  swirl  momentum 
components  due  to  the  dispersed  phase,  and  lead  to 
significantly  reduced  shear  layer  growth,  mixing  and 
entrainment  rates  for  two-phase  jets  compared  to  those 
for  single-phase  jets.  In  addition,  the  correlation  between 
vortex  frequency  and  swirl  number  is  modified  due  to 
momentum  coupling.  For  example,  the  dominant  vortex 
frequency  of  single-phase  jets  increases  with  increasing 
swirl  number,  while  that  of  two-phase  jets  appears  to  be 
independent  of  S. 

At  high  swirl  numbers  (S  >  0.5),  the  effects  of 
momentum  coupling  on  the  jet  structure  appears  to  be 
even  more  dramatic  compared  to  those  at  moderate  swirl 
numbers.  Results  for  S  =  0.75  indicate  that  momentum 
coupling  can  significantly  modify  the  rate  of  decay  of 
swirl  intensity,  and  increase  the  gas  axial  momentum  in 
the  jet  shear  layer,  leading  to  a  dramatic  reduction  in  the 
size  of  recirculation  bubble.  This  could  potentially 
neutralize  the  most  beneficial  effects  of  swirl  in 
recirculating  hot  products  for  enhanced  mixing,  and 
establishing  a  low  velocity  region  for  flame  stability. 
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Nom^aclattttg 

Co  dix^let  drag  coefBcient 

Cp  specific  heat 

D  binary  diffusion  coefficient 

g  gravitational  acceleration 

h^  enthalpy  of  fuel  vapor  at  droplet  surface 

H  enthalpy 

4,cff  effective  latent  heat,  or  the  heat  transferred  from 
gas  phase  to  droplet 
droplet  vaporization  rate 
Mk  mass  of  each  group  of  droplets 

D}.  number  of  droplets  in  each  group 
p  pressure 

r  radial  distance 

Rei:  droplet  Reynolds  number 

S  swirl  number 

Sg  gas-phase  source  term  for  dependent  variable 

Sf  liquid-phase  source  term  for  dependent  variable 

<I> 

t  time 

T  temperature 

u,  V,  w  axii,  radial,  and  swirl  velocity  components 
Y  mass  fraction 

z  axial  distance 

Greek  Symbols 

transport  coefficient  in  Eq.  (1) 
p  dynamic  viscosity 

X  thermal  conductivity 

p  density 

<b  dependent  variable  of  Eq.  (1) 

Subscripts 

f  fuel  v^r 

g  gas-phase 

i  species 

k  ^plet  characteristic 
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Table  1:  Transport  coefficients  and  source  terms  appearing  in  governing  equations 
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Fig.  1.  Schematic  of  a  droplet-laden  swirling  jet. 
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Fig.  2.  Time-history  plots  of  center-line  gas  velocity  (figs,  a  and  b)  and  axial 
profiles  of  time-averaged  center-line  gas  velocity  (fig.  c)  for  non-swirling  and 
swirling  (S  =  0.375)  jets  obtained  by  using  two  different  grid  sizes. 
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Fig.  3.  Snapshots  of  the  flow  field  for  a  swirling  jet  without  droplets  for  four  different  swirl  numbers.  In  each  snapshot,  iso¬ 
temperature  contours  are  plotted  on  the  right-hand  side  of  the  symmetric  jet,  and  streaklines  on  the  left.  For  iso-temperature 
contours,  the  red  and  purple  colors  represent  the  highest  (1200  K)  and  the  lowest  (294  K)  temperatures  respectively 
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Fig.  4.  Frequency  spectra  of  axial  gas  velocity  for  a 
swirling  jet  without  droplets  for  different  swirl  numbers. 


z,  mm 

Fig.  5.  Axial  profiles  of  time-averaged  gas  velocity 
and  temperature  for  a  swirling  jet  without  droplets  for 
different  swirl  numbers. 
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Fig.  6.  Time-averaged  velocity  vector  plots  for  a  swirling  jet  without  droplets  for  different  swirl  numbers. 
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fhe'riahf  ^  swirling  jet  with  droplets.  In  each  snapshot,  iso-temperature  contours  are  plotted  on 

u-  u  streaklines  on  the  left.  For  iso-temperature  contours,  the  red  and  purple  colors 

epresent  the  highest  (1200  K)  and  the  lowest  (294  K)  temperatures  respectively. 
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Fig.  8.  Time  history  of  gas-phase  axial  velocity  for  single-phase  and  two-phase 
jets  with  different  swirl  numbers. 


- S=0  (single-phase) 

H —  S=0  (two-phase) 

- 5^375  (single-phase) 

•  I-  •  •  S»0.375  (two-phase) 

. SsO.5  (single-phase) 

•t---'  S=03 (rwo-phasc) 


Fig.  9.  Frequency  spectra  of  axial  gas  velocity  for  a 
swirling  jet  with  droplets  for  different  swirl  numbers. 
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Fig.  10.  Axial  profiles  of  time-averaged  gas  velocity  and 
temperature  for  a  swirling  jet  without  and  with  two-way 
momentum  coupling  for  different  swirl  numbers. 


5=0.375 


o 


AM  A 


AIAA  97-2703 


NUMERICAL  MODELING  OF  INTERACTIVE  BURNING 
DROPLETS 


Long  P.  Chin 

Innovative  Scientific  Solutions,  Inc. 
2786  Indian  Ripple  Road 
Dayton,  OH  45440-3638 


33rd  AlAA/ASME/SAE/ASEEJoint  Propulsion 

Conference  &  Exhibit 

July  6  -  9, 1997  /  Seattle,  WA  : 


For  permission  to  copy  or  republish,  contact  the  American  Institute  of  Aeronautics  and  Astronautics 
1801  Alexander  Bell  Drive,  Suite  500,  Reston,  VA  22091 

1065 


NUMERICAL  MODELING  OF  INTERACTIVE  BURNING  DROPLETS 


Long  P.  Chin 

Innovative  Scientific  Solutions,  Inc. 
2786  Indian  Ripple  Road 
Dayton,  OH  45440-3638 


ABSTRACT 

A  numerical  model  based  on  the  finite-volume 
approach  has  been  developed  to  study  the  evaporation 
and  combustion  process  of  interactive  droplets.  The 
“level  set”  approach  of  a  defined  distance  function  was 
incorporated  to  identify  and  trace  the  interfaces  between 
two  phases.  Split  velocities  employed  in  an  ALE 
(Arbitrary  Lagrangian-Eulerian)  grid  system  were  used 
to  ensure  the  mass  conservation  of  droplets  throughout 
the  calculations.  For  verifying  this  model,  calculated 
histories  in  surface-area  reduction  of  single  burning 
droplet  were  compared  with  the  measurements  from  the 
experiments  of  Kara,  Okajima  and  Kumagai  in  both 
stagnant  and  convected  environments  under  zero-gravity 
condition.  The  agreement  for  both  cases  is  reasonably 
good.  Similar  comparison  was  also  made  for  the 
combustion  of  an  array  of  three  n-heptane  droplets  to 
examine  the  effects  of  interaction  among  droplets  on 
evaporation  rates. 

INTRODUCTION 

In  most  combustion  systems,  the  evaporation 
process  of  spray  is  an  important  mechanisiii  affecting 
the  efficiency  and  pollutant  emission  of  the  system. 
Depending  on  the  specific  requirements  of  each 
combustion  system,  various  fuel-injection  schemes  are 
used  to  achieve  the  desired  evaporation  and  combustion. 
In  a  typical  gas-turbine  engine,  the  spray  is  injected 
into  an  air  stream  to  form  a  nearly  stoichiometric 
mixture  of  reactants  in  a  two-phase  flow.  Since  the  fuel 
.  and  air  are  not  extensively  premixed  before  burning,  the 
flame  has  the  characteristics  of  a  diffusion  flame,  in 
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which  mixing  of  fuel  and  oxygen  strongly  influence  the 
rate  of  reaction  and  evaporation.  In  addition,  the  spray 
injected  upstream  contains  a  large  number  of  droplets 
with  different  sizes,  temperatures,  and  velocities,  thus 
the  interactions  among  these  droplets  make  the 
processes  of  mixing,  evaporation,  and  combustion 
surrounding  the  droplets  much  more  complex. 

The  evaporation  theory  of  a  single  burning  droplet 
has  been  intensively  studied  over  the  past  several 
decades.  The  classical  droplet  model  is  well  known, 
having  been  described  and  discussed  at  length  in  the 
literature  (see,  e.g.*  Refs.  1-3).  However,  many 
fundamental  aspects  of  the  evaporation  mechanism 
affected  by  combustion  for  a  group  of  droplets  still  are 
not  well  understood  because  the  topological  changes  in 
the  droplet  geometry  resulting  from  the  interaction 
among  droplets  significantly  complicate  the  transient 
processes  of  momentum,  heat,  and  mass  transport 
between  the  liquid  and  vapor  phases. 

In  this  paper,  a  numerical  model  based  on  an 
Eulerian-type  finite-volume  scheme  is  presented  for 
studying  the  evaporation  and  combustion  processes  of 
droplets  having  various  sizes,  velocities,  and 
temperatures.  This  model  is  an  extension  of  the 
previous  model  [4]  developed  for  predicting  the  dynamic 
interaction  of  two  colliding  droplets  under  isothermal 
conditions.  In  addition  to  the  governing  equations 
solved  in  the  previous  model,  the  energy  and  species 
equations  have  been  solved  in  the  present  model  to  take 
into  account  the  heat  and  mass  transfer  of  the  droplets 
and  surrounding  gases. 

The  purpose  of  the  present  study  is  to  verify  the 
numerical  model  against  several  experimental  results 
under  various  conditions.  The  histories  of  surface-area 
reduction  of  droplets  reported  in  the  experiments  will  be 
used  for  comparisons  with  model  simulations.  Three 
cases  are  investigated  in  the  following  order  (1)  A 
stagnant  droplet  burning  at  zero-gravity  environment; 
(2)  A  moving  droplet  burning  at  zero-gravity  condition; 
and  (3)  Three-droplet  array  burning  with  various  spacing 
in  a  low  pressure-rich  oxygen  environment. 
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MATHEMATICAL  FORMULATION 


(I)  Governing  equations 

For  the  two-phase  flow  system  modeled,  the  fluids 
of  both  phases  (gaseous  and  liquid)  will  be  treated 
mathematically  as  a  single  fluid  having  two 
significantly  different  properties  separated  by  an 
interface  that  is  infinitesimally  thin.  The  governing 
equations  for  the  defined  one-fluid  system  can  be 
expressed  as  follows: 


Continuity  equation: 


1  Dp 
p  Dt 


=  -V.5 


(1) 


Momentum  equation: 

=  _Vp  +  Re-^  V  •  /x(Va  +  V5^) + Fr'Vl 

■i-We-^\~[l-nn]S(x-Xs)'^TdA  (2) 

J  oT 

5 

+  We~^j<TKS(x-Xj)ndA 
s 

Energy  equation: 


DH  _i  D 

p - +  We  p— 

^  Dt  ^  Dt 


-jeff5(x-x,)dA 

S 

=  Re~^0+Pr~^Re~W- 


—VH 


+  Pr~‘Fe"‘V 


N 


,Jk=I 


N 


-  Fr~^Sc~^  Re~^  pg  ■  ^  DfVY;^ 


*=1 


where 


jcbyS(x-x^)dA-hft^ 
s  * 

H(T)=f , 


(3) 


CpdT 


-Species  equation: 

p^^V  (pDkVYk)^<i>k+\d>^5(x-x,)dA  (4) 


All  of  the  variables  in  these  equations  arc 
normalized;  and  the  non-dimensional  parameters 
Re,  Pr,  Sc,  Fr,  We,  and  Le  represent  Reynolds, 
Prandtl,  Schmidt,  Frondle,  Weber,  and  Lewis  numbers, 
respectively.  The  integral  terms  represent  the  transport 
of  mass,  momentum,  and  energy  exerted  only  on  the 
interfaces  (denoted  by  x^).  The  variables  required  to 
solve  in  Eqs.  (l)-(4)  are  «,  the  velocity  vector;  p,  the 
pressure;  T,  the  temperature;  and  the  species 
concentration.  The  thermophysical  properties 
p,  p,  Cp,  A,  and  ^  denote  density,  viscosity, 

specific  heat,  thermal  conductivity,  the  molecular- 
diffusion  coefficient  of  species  k,  and  the  thermal 
expansion  coefficient,  respectively.  The  variables  and 
properties  defined  on  the  gas-liquid  interface  are  O’,  the 
surface  tension;  the  siurface  energy;  K,  the 
curvature  of  interface;  tUy  the  mass  evaporation  rate  of 
droplet;  and  the  latent  heat  of  evaporation  at 
reference  temperature  7^.  It  is  important  to  include  e^y 
in  the  energy  equation  to  prevent  violation  of  the  second 
law  of  thermodynamics  for  an  evaporation  system  [5]. 
e^  is  related  to  <7  by  a  surface  constitutive  relation. 
The  evaporation  rate  at  the  interface,  (by,  is  determined 
by  qjplying  chemical-equilibrium  conditions  while 
solving  the  species  equation.  The  one-step  simplified 
reaction  mechanism  given  by  Westbrook  [6]  for  the 
oxidation  of  Hydrocarbon  fuels  will  be  used  to  provide 
the  calculation  of 

(II)  “Level  Set”  approach 

In  solving  these  equations  numerically,  difficulties 
arise  because  of  the  locality  of  surface  transports  in 
momentum,  energy,  and  evaporation  that  appear  as  the 
integral  terms  in  the  governing  equations.  The  ‘Level 
Set”  approach  introduced  by  Sussman  et  al.  [7]  was 
adopted  to  reformulate  these  local  quantities  in  such  a 
way  that  they  can  be  properly  and  smoothly  re¬ 
distributed  over  a  region  having  finite  thickness.  If  0  is 
defined  as  a  function  that  measures  the  normal  distance 
from  the  interface,  the  surface  integral  terms  in  Eqs.  (2)- 
(4)  can  be  rearranged  as  follows: 


J aKS(x-Xy)ndA=:>  <TK((l>)5((j))7(l> 

s 

jeff5(x-xJdA=>eff(^)S(4i) 

S 

J  (dyS(X-Xy)dA  ^  (by  (  (l>)S((l>) 
s 


The  distance  function  is  assumed  to  be  positive  in 
the  liquid  phase  and  negative  in  the  gaseous  phase.  All 
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of  the  surface  variables  and  properties  have  a  value  of 
zero  outside  the  interface  region  defined  by  For 
tracking  the  interface  movement  due  to  flow  convection 
and  droplet  evaporation,  the  function  <t>  is  solved  using 
the  following  equation: 


dt  St 


(5) 


where  S(l>((b^)/St  is  the  change  rate  of  ^  as  the  result 
of  evaporation*  If  the  volume  fraction  of  the  liquid 
phase  within  the  finite  interface  region  (having  a 
thickness  of  2  a)  is  assumed  to  be 

Vi-0.5[\-sin(7C(l>/2a)],  then  S(l)(d)^)/St  can  be 
derived  from 


^Ljn  Vw 


Figure  1  Schematic  illustration  of  ALE  formulation 
with  split  velocities 


d)v 


Pi  JV  ^6(j}(d)J 
4  a  2a  St 


S(p((dy 


St 


,)  .fcival/  [rtf 
—  --4  f  cos  — ^ 

Pi  7t  Jla_ 


(6) 


where  pi  is  the  liquid  density  which  is  assumed  to  be 
constant  for  this  formulation. 


(IH)  Numerical  schemes 

The  numerical  scheme  chosen  for  this  study  is  a  . 
finite-volume  method  based  on  the  ALE  (Arbitrary 
Lagrangian-Eulerian)  grid  system.  By  coupling  this 
scheme  and  the  concept  of  split  velocity  [8],  the  parasite 
currents  resulting  from  the  locality  of  the  surface  force 
are  minimized  to  prevent  instability  and  also  to  ensure 
the  mass  conservation  of  droplets.  An  accurate 
accounting  of  the  surface-tension  term  of  Eq.  (2)  for  this 
numerical  method  required  modification  of  the 
formulation  for  the  split  velocity  to  incorporate  the 
surface  force  with  the  pressure  force.  Figure  1  illustrates 
the  concept  of  using  split  velocity  in  this  numerical 
method.  The  velocity  nodes  are  located  at  the  comers  of 
the  grid,  and  the  remaining  variables  are  defined  at  the 
center  of  the  cell  (scalar  node).  The  split  velocities  on 
four  sides  of  each  velocity-node  point  were  used  to 
satisfy  the  continuity  equation,  which  is  crucial  in 
avoiding  the  mass  loss  of  droplets  due  to  numerical 
inaccuracy.  In  the  mean  time,  these  split  velocities  ate 
,  used  to  discretize  the  interface  tracking  equation,  Eq.  5, 
to  ensure  the  mass  conservation  of  the  liquid  phase. 

With  the  implementation  of  split  velocity  in  this 
model,  the  surface-force  term  in  Eq.  2  needs  to  be  re¬ 
arranged  to  couple  with  pressure-force  term  for  the 
purpose  of  reducing  the  effects  of  “parasite  currents.'’ 


-V/7 -h  cncf  5  f 

= -vip  -  oKimw]  -  ch(<p)Vk((I>) 

^-Vp-aH(<^)VK((p) 

where  H((p)  is  the  Heaviside  function  derived  from  the 
delta  function.  Note  that  the  newly  defined  pressure  p 
will  be  solved  instead  of  normal  pressure  p . 

A  second-order  upwind  scheme  was  applied  to 
discretize  the  convective  term  in  Eq.  (2)  for  eliminating 
excess  numerical  diffusion.  Because  of  the  large  density 
gradient  across  the  interface  between  the  droplet  and  the 
surrounding  gases,  a  fully  multi-grid  method  coupled 
with  a  MSIP  (Modified  Strongly  Implicit  Procedure) 
iteration  scheme  was  implemented. 


MODEL  VALroATION  AND  RESULTS 
DISCUSSION 

(I)  Combustion  of  single  n-heptane  droplet  under 
stagnant  and  zero-gravity  conditions: 

The  experiments  conducted  by  Kara  and  Kumagai 
[9]  are  chosen  to  verify  the  numerical  model  in 
predicting  the  burning  rate  of  single  droplet  in  stagnant 
environment  under  zero-gravity  condition.  In  their 
experiments,  a  n-heptane  droplet  with  a  diameter  of  380 
jim  was  ignited  to  record  the  variations  of  squared 
droplet  diameter  (D^),  flame  diameter  {Df),  and 
flame/droplet  diameter  ratio  (Df/D)  in  time.  The  data 
are  re-plotted  in  Fig.  2  along  with  the  simulation 
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Figure  2  Variations  of  droplet  surface-area,  flame 
diameter,  and  flame/droplet  diameter  ratio  in  time  for  the 
burning  of  single  n-heptane  droplet  under  stagnant  and 
zero-gravity  conditions 

results.  Because  the  droplet  volume  (instead  of  droplet 
surface  area)  was  obtained  at  eveiy  time-step  during  the 
calculations,  the  surface  area  of  droplet  was  estimated  by 
assuming  that  the  droplet  is  maintaining  spherical  in 
shape  at  all  times.  Thus,  Z)^oc  1/2/3 
presented  in  Fig.  2  show  the  agreement  between 
measurements  and  simulations  is  very  good.  The 
evaporation  constant  K  is  roughly  0.71  for  both 
experiment  and  model. 

(II)  Combustion  of  single  n-heptane  droplet  in  a 
constant  flowing  air  stream  under  zero-gravity 
conditions: 

The  numerical  model  is  further  verified  by 
simulating  the  combustion  of  single  spherical  n-heptane 
droplet  in  a  flowing  air  stream  with  a  speed  of  20  cm/s 
under  zero-gravity  condition.  The  data  collected  in  the 
experiments  of  Okajima  and  Kumagai  [10]  are  compared 
with  simulation  results.  Figure  3  presents  the 
illustration  of  flame  structure  surrounding  droplet  along 
with  defined  comparison  parameters.  Plot  of  numerical 
simulation  at  a  specific  instance  is  also  shown  on  the 
bottom  for  comparison  with  illustration  drawing  on  the 
top.  The  contours  in  Fig.  3(b)  indicate  the  temperature 
field.  The  droplet  having  a  diameter  of  1.3  mm  and  a 
temperature  of  300  K  initially  faces  the  air  stream 
flowing  from  the  left  to  the  right  with  a  velocity  of  20 
cm/s.  In  Fig.  3(a)  Hj  and  H,  denote  the  upstream  and 
downstream  heights  of  flame,  respectively,  and  2W,  the 
diameter  of  flame  on  the  vertical  section  through  the 
•  center  of  the  droplet  Figure  4  shows  the  comparison 
between  experimental  and  computational  results  in 
terms  of  squared  droplet  diameter  (  )  and  three  flame 

parameters  {Hi.H2^nd2W)  defined  above  verse  time. 
It  is  clearly  shown  that  the  relationship  is 

precisely  linear  throughout  the  lifetime  of  droplet  in 


Figure  3  Illustration  of  burning  droplet  within  a 
flowing  air  stream,  (a)  Schematic  illustration;  (b) 
Temperature  contours  fi’om  model  simulation. 


both  experiments  and  simulations.  It  is  also  noted  that 
the  gap  of  between  experiment  and  model  is  due  to 
that  the  measured  value  of  at  t;=0  from  experiment 
is  approximately  10  %  less  than  the  exact  value  of  1.69 
mm^  for  a  droplet  with  an  initial  diameter  of  1.3  mm. 
This  indicates  that  the  droplet  has  burned  out  about  15 
%  of  .  its  original  mass  before  beginning*  the 

measurements. 

(HI)  Combustion  of  three-droplet  array  with  equal 
spacing 
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Figure  4  Comparison  of  squared  droplet  diameter  and 
three  defined  flame  diameters  verse  time  between 
experiments  and  simulations. 


Time  (normalized  by  lifetime) 


Figure  5  Comparison  of  temporal  variations  of  droplet 
surface  area  between  a  single  droplet  and  the  middle 
droplet  of  a  three-droplet  array 


In  the  experiments  of  Miyasaka  and  Law  [11],  the 
combustion  of  three-droplet  arrays  with  equal  spacing 
was  performed  to  investigate  the  effects  of  interaction 
among  droplets  on  the  evaporation  constants.  In  order  to 
minimize  buoyancy,  experiments  were  conducted  in  a 
low-pressure  and  oxygen-rich  environment  The  low- 
pressure  condition  of  experiments  imposes  a  difficulty 
in  numerical  modeling  for  performing  the  calculations 
that  can  carry  out  the  entire  lifetime  of  a  burning  droplet 
array,  mainly  because  that  much  larger  volume  of 
oxygen  (or  air)  is  needed  to  support  the  combustion  of 
droplets  under  such  condition  (low  pressure)  compared 
to  that  required  under  normal  atmosphere  condition.  For 
example,  the  volume  of  air  reqmied  to  support  the 
completed  stoichiometric  combustion  of  a  n-heptane 
droplet  at  90  mm  Hg  pressure  is  approximately  10^ 
times  of  the  volume  in  droplet  This  volume  ratio 
generates,  in  numerical  model,  a  computational  domain 
(in  spherical  coordinate)  which  has  a  radius  at  least  100 
(2x50)  times  larger  than  the  radius^  of  the  droplet 
Obviously,  this  costs  tremendous  computer  time  and 
memory.  Therefore,  for  the  present  study,  numerical 
modeling  will  be  perfomied  under  normal  atmosphere 
conditions  with  the  same  oxygen  content  in  the 
surroundings,  and  the  results  will  be  presented  and 
discussed  qualitatively  only. 

In  Fig.  7,  the  sequences  of  calculated  temperature 
distributions  in  time  are  shown  for  the  combustion  of  a 
'  three-droplet  array  at  various  spacing.  The  initial 
diameter  of  all  the  droplets  is  1  mm  and  the  spacing 
between  the  middle  droplet  and  the  side  droplet  is  (a) 
L=1.25;  (b)  L=2.5;  and  (c)  L=5  mm,  respectively.  The 
contours  in  all  the  frames  in  Fig.  7  represent 
temperature  distributions  ranging  from  1500  to  3500  K. 
The  comparison  between  experiments  and  simulations 
for  L  =  2.5  mm  is  presented  in  Fig.  5  by  showing  the 


variations  of  squared  droplet  diameters  verse  time. 
Because  of  the  difference  of  pressure  condition  between 
experiments  and  model,  the  time  axis  in  Fig.  5  was 
normalized  based  on  the  lifetime  of  droplet  at  eadi 
condition.  The  trend  of  bending  over  for  the  middle 
droplet  observed  in  experiments  is  also  successfully 
predicted  from  the  numerical  model.  In  Fig.  6,  the  plots 
of  squared  droplet  diameters  against  time  (normalized  by 
the  lifetime  of  single  droplet)  at  three  different  spacing 
firom  numerical  simulations  are  shown;  and  the 
characteristic  of  bending  over  is  less  significant  when 
the  droplets  are  further  apart.  Also  the  evaporation  rate 
of  the  side  droplet  is  faster  than  that  of  the  middle 
droplet,  mainly  because  the  middle  droplet  is  competing 
for  oxygen  with  two  side  droplets  rather  than  just  one 
(the  middle  droplet)  for  the  side  droplet 


CONCLUSIONS 

A  numerical  method  based  on  the  finite-volume 
scheme  was  introduced  for  modeling  combustion  and 
evcqjoration  phenomena  among  interactive  liquid 
droplets.  This  model  e^plied  the  concepts  of  “level  set” 
and  “split  velocity”  to  resolve  the  complicated 
topological  variations  of  the  droplet  surfaces  and  also  to 
ensure  that  the  mass  loss  of  droplets  due  to  numerical 
inaccuracy  would  be  within  the  allowed  tolerance. 
Numerical  simulations  for  the  burning  of  single  droplet 
under  stagnant  and  flowing  conditions  were  used  to 
verify  the  present  model  by  comparing  the  temporal 
variations  of  squared  droplet  diameters  and  flame  heights- 
with  experimental  measurements.  Modeling  for  the 
combustion  of  three-droplet  array  with  equal  spacing 
was  performed  to  study  the  influence  of  interaction 
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Figure  6  Effects  of  droplet  spacing  on  the  reduction  of 
droplet  surface  area,  (a)  Middle  droplet  of  the  three- 
droplet  array;  (b)  Side  droplet  of  the  three-droplet  array. 


among  droplets  on  evaporation  characteristics  of 
individual  droplets.  The  trend  of  bending  over  of  the 
evaporation  curves  is  also  successfully  predicted  from 
the  model. 
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The  dynamics  and  vaporization  of  both  pure  and  muldcomponentfuel  droplets  in  a  laminar- 
flow  field  are  investigated.  Extensive  data  are  obtained  on  the  velocity  and  size  history  of a  fuel 
droplet  injected  into  a  weU-characterized  hot  laminar  flow.  Fuels  considered  are  n-hexane,  n- 
decane,  and  a  bicomponent  mixture  of  equal  amounts  of  hexane  and  decane.  The  droplet 
velocity  and  site  histories  are  measured  by  phase  Doppler  particle  analyzer,  and  compared  with 
the  predictions  from  three  different  liquid-phase  models,  the  infinite-diffusion,  diffusion-limit, 
and  thin-skin  models.  Predicted  results  generally  show  good  agreement  with  measured  data. 
For  the  conditions  of  this  study,  it  is  shown  that  the  use  of  a  solid-sphere,  steady-state  drag  law 
adequately  reproduces  the  measured  velocity  history  for  small  to  moderate  droplet  accelerations, 
provided  the  variable-property  effects  are  included  in  the  model  However,  die  quasi-steady 
drag  equation  is  not  able  to  capture  either  the  large  deceleration  experienced  by  the  droplet 
near  the  injection  location,  nor  the  measured  inflection  point,  where  the  droplet  acceleration 
changes  sign,  underscoring  the  importance  of  unsteady  effects  on  droplet  motion.  The 
comparison  of  vaporization  history  indicates  that,  under  relatively  low-temperature  conditions, 
the  predictions  of  both  the  infinite-effusion  and  the  diffusion-limit  models  are  in  close 
agreement  with  experiments.  However,  the  thin-skin  model  overpreects  the  vaporization  rate, 
and  shows  significant  efferences  with  experiments,  especially  for  less  volatile  (n-decane)  and 
multicomponent fuel  droplets.  The  comparison  also  indicates  that  the  thermopkysical  properties 
of  the  gas film  surrounding  the  droplet  should  be  calculated  accurately;  in  particular,  the  effect 
of  fuel  vapor  should  be  considered. 


INTRODUCTION 

The  gasification  behavior  of  a  liquid  droplet  provides  a  fundamental  input  for  the 
modeling  of  many  spray  systems,  since  the  collective  gasification  of  individual  droplets 
intimately  influences  the  bulk  spray  vaporization  and  combustion.  The  basic  droplet 
combustion  model  was  formulated  in  the  1950s  by  Godsave  [1]  and  Spalding  [2]  for  an 
isolated  pure-component  droplet  burning  in  a  stagnant,  oxidizing  environment.  This  model 
was  termed  the  <F  law  because  it  predicts  that  the  square  of  the  droplet  diameter  decreases 
linearly  with  time.  Since  then  this  model  has  been  studied  extensively,  both  experimentally 
and  theoretically.  These  studies  have  been  reviewed  by  Williams  [3],  Faeth  [4],  and  Law 
[5].  The  key  assumptions  in  the  basic  model  are  that  the  droplet  and  gas  flow  are  in  dynamic 
equilibrium  (zero  slip  velocity),  the  droplet  heating  time  is  negligible  compared  to  its 
lifetime,  the  droplet  surface  temperature  is  a  constant,  and  the  thermophysical  properties 
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NOMENCLATURE 


Cji 

droplet  drag  coefficient 

T 

temperature 

Cp 

specific  heat 

boiling  temperature  of  ith  component 

D 

mass  diffusivity 

f 

nondimensional  temperature 

Do 

initial  droplet  diameter 

To 

initial  droplet  temperature 

8 

acceleration  of  gravity 

Vo 

droplet  velocity 

H 

H/L 

V, 

gas  velocity 

H 

nondimensional  heat  transferred  from 

w 

molecular  weight 

gas  phase  to  droplet  per  unit  mass 

X 

mole  fraction 

of  fuel  vaporized 

Y 

mass  fraction 

L 

latent  heat  of  vaporization 

z 

axial  location 

Le 

liquid  Lewis  number 

a 

thermal  diffusivity 

m 

nondimensional  vaporization  rate 

X 

thermal  conductivity 

[Eq.  1] 

P- 

dynamic  viscosity 

P 

r. 

pressure,  atm 
droplet  radius 

P 

density 

r 

radial  location  inside  the  droplet, 
normalized  by  the  instantaneous 

Subscripts 

droplet  size 

/ 

fuel 

R 

universal  gas  constant 

oo 

ambient 

Re 

droplet  Reynolds  number 

S 

droplet  surface 

Sc 

Schmidt  number 

i 

ith  liquid  fuel  component 

r 

time 

1 

liquid 

of  the  gas  film  surrounding  the  droplet  are  constant.  More  detailed  studies  reported  by  Law 
[5]  and  Aggarwal  et  al.  [6]  have  considered  the  effects  of  relaxing  these  restrictions  of  the 
basic  model.  In  particular,  they  have  considered  the  effects  of  transient  liquid-phase  heating 
on  the  droplet  vaporization  rate,  and  proposed  three  different  models  with  varying  degrees 
of  complexity  to  include  transient  heating  in  the  dP-  model.  The  three  models  have  been 
termed  the  infinite-conductivity  or  rapid-mixing  model,  the  conduction-limit  model,  and 
the  vortex  model. 

The  recent  increase  in  the  utilization  of  synthetic  and  derived  fuels,  and  the  realiza¬ 
tion  that  most  liquid  fuels  are  mixtures  of  many  components,  has  spurred  interest  in 
studying  the  vaporization  of  multicomponent  liquid  fuel  droplets.  Theoretical  analysis  of 
the  multicomponent  droplet  presents  several  complexities  absent  in  a  similar  analysis  of  the 
single-component  droplet.  First,  the  phase-change  process  at  the  multicomponent  fuel 
droplet  surface  and  the  transport  of  fuel  vapor  mixture  in  the  gas  phase  need  to  be  properly 
described.  Second,  the  evaporation  process  is  inherently  time-varying  due  to  the  continuous 
change  in  the  composition  and  temperature  of  the  droplet  as  vaporization  proceeds.  Third, 
because  of  the  extremely  slow  rate  of  liquid-phase  mass  diffusion  as  compared  with  those 
of  liquid-phase  heat  diffusion,  gas-phase  heat  and  mass  diffusion,  and  droplet  surface 
regression,  the  liquid-phase  mass  diffosion  together  with  the  volatility  differentials  become 
crucial  factors  in  determining  the  gasification  behavior  of  multicomponent  fuel  droplets. 

Landis  and  Mills  [7]  investigated  the  vaporization  of  a  bicomponent  fuel  droplet  in 
a  stagnant  atmosphere.  A  quasi-steady  gas-phase  model  was  used,  and  the  equations 
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governing  the  unsteady  mass  and  heat  diffusion  within  the  droplet  were  solved  numerically. 
This  model  is  commonly  known  as  the  diffusion-limit  model.  Law  [8]  proposed  a  model 
for  multicomponent  droplet  vaporization  which  neglects  the  effects  of  concentration  gra¬ 
dients  in  the  liquid  phase  and  assumes  that  the  composition  and  temperature  within  the 
droplet  are  spatially  uniform  but  time-varying.  The  model  predicts  that  the  gasification 
process  will  be  similar  to  batch  distillation  in  that  the  sequence  of  gasification  is  controlled 
only  by  the  volatility  differentials  among  the  different  components.  However,  Sirignano  [9] 
showed  that  even  in  the  limit  of  high  vortex  strength,  the  internal  liquid  circulation  can  only 
reduce  the  characteristic  length  scale  for  diffusion  by  a  factor  of  3.  In  general,  for  droplets 
evaporating  in  a  high-temperature  environment,  the  predictions  using  the  diffusion-limit 
model  showed  significant  differences  from  those  based  on  the  rapid-mixing  or  infinite- 
diffusion  model.  In  order  to  account  for  the  effect  of  internal  liquid  circulation  on  the 
vaporization  of  a  multicomponent  droplet,  Tong  and  Sirignano  [10]  extended  their  single¬ 
component  vortex  model  to  multicomponent  fuels.  Abramzon  and  Sirignano  [11]  proposed 
an  effective  diffusivity  model  for  the  liquid-phase  processes  inside  the  droplet,  and  an 
extended  film  model  to  account  for  the  gas-phase  convective  effect  on  vaporization. 

An  interesting  feature  of  diffusion-dominated  droplet  gasification  is  the  possible 
attainment  of  approximately  steady-state  temperature  and  concentration  profiles  within  the 
droplet,  which  then  leads  to  correspondingly  steady-state  gasification  rate  and  average 
droplet  composition.  Based  on  this  concept.  Law  and  Law  [12]  formulated  a  cP-law  model 
for  multicomponent  droplet  vaporization  and  combustion.  Experimental  results  obtained 
for  an  alcohol-alkane  binary  droplet  confirmed  the  ^/Maw  behavior  and  the  compositional 
dependence  of  the  burning  rate  constant. 

As  indicated  above,  the  literature  on  the  behavior  of  an  evaporating/buming  droplet 
is  extensive.  However,  most  of  these  studies  deal  with  droplet  combustion  or  evaporation 
under  high-temperature  conditions,  when  the  time  scale  associated  with  the  rate  of  change 
of  droplet  size  is  small  compared  with  that  of  the  transient  liquid-phase  processes.  Not 
much  information  is  available  on  the  behavior  of  evaporating  droplets  in  a  relatively  low- 
temperature  environment.  In  many  applications — for  example,  the  intake  manifold  of  port- 
injected  gasoline  engines  and  gas  turbine  combustors  using  prevaporized  fuel — the  drop¬ 
lets  encounter  an  environment  where  the  mixture  temperature  is  relatively  low,  typically 
below  the  boiling  temperatures  of  the  constituent  fuels  but  above  room  temperature.  Under 
such  conditions,  the  possibility  of  an  envelope  flame  is  precluded  and  the  droplet  gasifi¬ 
cation  rate  is  low.  The  droplet  heatup  time  may  not  be  negligibly  small  compared  to  its 
lifetime,  and  the  liquid-phase  transient  processes  may  still  be  important.  The  literature 
review  also  indicates  that  a  complete  experimental  data  set,  which  can  be  used  for  the 
validation  of  theoretical  models,  on  both  the  dynamics  and  the  evaporation  of  a  droplet, 
especially  for  multicomponent  fuel  droplets,  in  a  well-characterized  laminar  flow  is  gener¬ 
ally  not  available. 

The  present  study  is  motivated  by  the  above  considerations.  An  experimental- 
theoretical  investigation  of  the  dynamics  and  evaporation  of  a  fuel  droplet  is  conducted. 
The  major  objective  is  to  provide  a  complete  set  of  measurements  for  the  velocity  and 
vaporization  history  of  pure  and  multicomponent  fuel  droplets  in  a  well-characterized, 
heated,  laminar  flow.  The  experimental  data  set  includes  the  gas-phase  properties,  such  as 
velocity  and  temperature  along  the  droplet  trajectory,  as  well  as  the  droplet  velocity  and 
size  history  along  its  trajectory.  Special  care  was  taken  to  keep  the  flow  field  as  simple  as 
possible,  and  to  control  the  initial  droplet  properties,  such  as  temperature,  diameter,  and 
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injection  frequency,  as  much  as  possible.  For  example,  the  flow  field  was  established  with 
only  axial  gradients  of  temperature  and  velocity,  and  the  droplet  traveled  with  only  axial 
velocity.  In  the  experiments,  a  stream  of  droplets  is  injected  in  a  hot  laminar  flow  and  the 
droplet  size  and  velocity  along  its  trajectory  are  measured.  The  measurements  are  com¬ 
pared  with  the  predictions  of  three  droplet  vaporization  models.  In  the  predictions,  the 
variable  thermophysical  properties  of  the  gas  film  outside  the  droplet  as  well  as  the  liquid- 
phase  properties  are  calculated  in  a  comprehensive  manner.  The  present  study  is  important 
because  past  research  on  droplet  vaporization  has  not  reported  any  results  for  the  conditions 
considered  in  the  present  work.  As  discussed  above,  such  conditions  are  relevant  in  many 
practical  applications.  In  addition,  the  study  may  be  relevant  to  the  understanding  and 
modeling  of  the  processes  in  nondUute  sprays,  where  the  gas  temperature  and  vaporization 
rate  are  relatively  low. 


EXPERIMENT  FACILITY 

The  test  configuration  has  been  designed  for  injecting  fuel  droplets  in  a  weU-controUed, 
laminar  heated  flow  field  with  only  axial  gradients  of  temperature  and  velocity.  It  consists  of 
heating  elements,  inlet  flow  conditioning  equipment,  a  droplet-on-demand  injection  system, 
and  a  confined  test  section  as  shown  in  Fig,  1.  The  chamber  contains,  in  series,  a  sintered 
metal  diffusing  element,  a  fine  mesh  screen,  two  resistance  heating  elements,  a  second  fine 
mesh  screen,  and  a  flow-straightening  honeycomb.  At  the  end  of  this  section  the  flow  had 
been  evenly  distributed,  heated  to  400  K,  and  decelerated  to  a  velocity  of  0.16  m/s.  This  air 
then  enters  a  circular-to-square  transition  section  leading  to  the  test  section.  In  this  transition 
the  flow  is  accelerated  to  a  mean  velocity  of  1  m/s.  The  mean  and  root-mean-square  (rms) 
velocity  profiles  at  the  test  section  inlet  are  illustrated  in  Fig,  2.  Note  the  very  low  values  of 
the  rms,  indicating  turbulence  intensities  of  less  than  3%.  These  measurements  were  made 
with  a  hot-wire  anemometer  and  confirmed  with  phase  Doppler  particle  analyzer  (PDPA) 
measurements.  Figure  2  also  shows  the  inlet  air  temperature  profiles  (orthogonal  to  each  other 
and  both  through  the  center  of  the  test  section).  These  measurements  were  taken  with 
microthermocouple  (Chromel-Alumel,  0.13-mm  diametef  lead  joined  to  form  a  measurement 
bead  approximately  0.25  nun  in  diameter). 

The  test  section  is  8.9  x  8.9  cm  and  45.0  cm  long,  constructed  of  four  Pyrex  panels. 
The  flow  is  driven  vertically  upward.  Droplets  are  injected  in  the  center  of  this  section. 
Figure  3  is  an  illustration  of  the  test  section  along  with  a  photo  of  a  stream  of  droplets 
illuminated  with  a  sheet  of  laser  light.  Optical  measurements  of  droplet  diameter  and  local 
velocity  are  made  along  the  flow  axis  by  the  PDPA.  For  this  experiment  the  test  chamber 
assembly  is  positioned,  relative  to  fixed  measurement  volumes,  by  an  x-y-z  precision 
traversing  table.  The  PDPA  is  an  interferometric  droplet  sizing  device.  It  sizes  single 
droplets  by  measuring  the  radius  of  curvature  of  the  droplet.  Several  publications,  including 
those  of  Bachalo  [13]  and  Jackson  and  Samuelsen  (14],  describe  its  features  and  the 
accuracy  with  which  it  determines  droplet  size.  For  this  effort  a  single-component  system 
was  used. 

The  most  critical  component  of  the  experimental  setup  is  the  droplet-on-demand 
generator.  The  study  of  the  droplet  vaporization  behavior  for  various  fuels  requires  a 
generator  which  can  inject  droplets  axially  into  a  flow  of  heated  air  without  perturbing  the 
velocity  or  temperature  uniformity  of  the  flow.  Single  monosized  droplets  are  required 
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Fig.  1  Schematic  diagram  of  flow  chamber  employed  for  droplet  vaporization  studies. 


having  diameters  in  the  range  50-100  \xm,  each  droplet  having  identical  velocity  and 
trajectory.  An  essential  characteristic  of  the  system  is  its  long-term  stability.  Several 
designs  were  tested  before  deciding  on  the  final  configuration  for  the  droplet-on-demand 
generator,  as  shown  in  Fig.  4.  Its  operation  is  based  on  a  piezoelectric  (PZT)  cylinder  0.7 
mm  ID  X  1.3  mm  OD  x  19  mm  in  length.  A  voltage  pulse  applied  between  the  inner  and 
outer  surfaces  of  the  PZT  causes  the  cylinder  to  contract  radially.  This  contraction  creates 
a  pressure  pulse  which  forces  liquid  in  the  cylinder  through  a  glass  nozzle  whose  aperture 
diameter  is  approximately  equal  to  that  of  the  desired  droplet.  The  most  critical  aspect  of 
this  generator  design  is  the  shape  and  quality  of  the  nozzle,  which  is  formed  by  melting  and 
polishing  glass  capillary  tubing.  An  important  aspect  of  generator  operation  is  the  thermal 
isolation  required  over  the  60-cm  lengA  of  the  droplet-generator  support,  shown  in  Fig.  4, 
from  the  heated  air  flow  to  prevent  prevaporization  of  the  fuel.  This  isolation  is  provided 
by  a  water-cooled  sheath  which  also  serves  as  a  support  for  the  generator. 
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Radial  Position  (cm  ) 


Radial  Position  (cm) 


Fig.  2  Air  velocity  and  temperature  profiles. 


Several  operational  parameters  have  been  identified  which  have  major  influence  on 
successful  generator  performance,  the  most  sensitive  of  these  being  PZT  drive-voltage 
amplitude,  pulse  width,  pulse-repetition  frequency,  and  liquid  pressure.  The  liquid  visco¬ 
sity,  PZT  temperature,  and  rise  and  fall  times  of  the  PZT  pulse  also  affect  generator 
performance,  but  to  a  lesser  extent  Proper  generator  operation  requires  a  delicate  balance 
among  these  parameters.  Development  efforts  during  this  study  resulted  in  a  compact, 
versatile,  and  reliable  technique  for  production  of  single  droplets  and  introduction  of  these 
droplets  into  a  well-controlled  hot  air  flow.  The  droplet-on-demand  generator  has  produced 
droplets  using  water,  hexane,  and  decane  as  the  working  fluids.  Through  precise  control  of 
the  operational  parameters,  several  discrete  diameters  in  the  range  of  40-90  jxm  can  be 
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Stably  generated  from  a  single  65-[xm  nozzle  aperture.  Droplet-generation  frequencies 
range  from  one  droplet  up  to  a  stream  of  droplets  at  1  kHz,  with  adjustable  exit  velocities 
varying  between  0.2  and  10  m/s. 

Several  data  sets  have  been  obtained  by  using  the  above  generator  facility.  Fuels 
considered  are  hexane,  decane,  and  a  bicomponent  fuel  with  equal  amounts  of  hexane  and 
decane.  For  each  set,  the  droplet  size  and  velocity  are  measured  along  its  trajectory.  The 
local  gas  velocity  and  temperature  profiles  are  also  measured.  The  latter  information  along 
with  the  initial  droplet  size  and  velocity  are  used  in  the  predictions.  Note  that  the  gas-phase 
turbulence  level  has  been  maintained  sufficiently  low  so  that  the  hot  air  flow  can  be 
considered  essentially  laminar.  The  experimental  data  are  employed  to  validate  several 
theoretical  dynamics  and  vaporization  models,  which  are  described  next. 

THEORETICAL  MODEL 

The  theoretical  model  involves  the  calculation  of  velocity,  size,  and  surface  properties 
of  an  evaporating  droplet  along  its  trajectory  in  a  laminar  hot  air  flow.  The  time-dependent 
Lagrangian  equations  for  the  droplet  position,  velocity,  and  size  are  solved  numerically. 


Fig.  3  Generation  of  55 -gm  droplets  at  lO-Hz  rate. 
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Fig,  4  Schematic  diagram  of  water-cooled  droplet-on-<3emand  generator. 


Droplet  Evaporation 

As  discussed  by  Law  [5],  the  gas-phase  transient  time  is  much  smaller  than  the 
characteristic  time  for  the  liquid-phase  processes  in  most  circumstances  under  subcritical 
conditions.  Consequently,  the  gas-phase  processes  can  be  considered  as  quasi-steady  and 
the  equations  can  be  solved  analytically  for  the  nondimensional  mass  evaporation  rate  m, 
the  fractional  mass  evaporation  rate  e„  and  the  effective  latent  heat  H  as 


m 


In 


1  + 


1-1^  J 


(1) 


£/ 


m 


(l-i/J 


Yfis  -  Yb, 

Yfs  -  1% 
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6  =  (3) 

At  any  given  time  instant,  with  known  droplet  surface  temperare  and  liquid-phase 
species  mole  fraction  the  gas-phase  species  mass  fractions  at  the  droplet  surface,  Y^js, 
can  be  obtained  by  means  of  Raoult’s  law, 

=  X,,Xo,.  (4) 

where  Xq,  is  the  equilibrium  vapor  mole  fraction  for  the  pure  liquid  i  and  is  given  by  the 
Clausius-Clapeyron  relation, 


Finally,  is  related  to  7^,  through 


„  ^ M _ 


where  is  the  ratio  of  the  molecular  weight  of  the  /th  vaporizing  species  to  an  average 
molecular  weight  of  all  the  noncondensable  inert  species  at  the  droplet  surface.  As  indi¬ 
cated  above,  the  liquid-phase  transient  processes  appear  through  the  variables  and  To 
examine  their  influence,  three  liquid-phase  models  considered  are  the  infmite-diffusion, 
diffusion-limit,  and  thin-skin  models.  The  first  two  models  have  been  described  by  Tong 
and  Sirignano  [10].  The  implicit  assumption  in  the  infinite-diffusion  model  is  that  the 
internal  circulation  is  so  fast  that  the  droplet  temperature  and  composition  are  maintained 
spatially  uniform,  though  still  temporally  varying.  The  volatile  components  are  continu¬ 
ously  brought  to  the  droplet  surface,  where  they  are  preferentially  vaporized.  The  vapor¬ 
ization  process  is  expected  to  resemble  that  of  batch  distillation.  The  temporal  variations 
of  droplet  composition  and  temperature  are  determined  from  the  overall  mass  and  energy 
conservation  equations.  In  the  diffusion-limit  model,  the  transient  heat  and  mass  transport 
m  the  liquid  are  assumed  to  be  governed  by  the  unsteady  heat  and  mass  diffusion  equations. 
Since  the  droplet  is  vaporizing,  the  diffusion  field  has  a  moving  boundary.  For  the 
convenience  of  calculation,  a  transformation  is  used  to  cast  the  moving-boundary  problem 
into  a  fixed  one. 

The  thin-skin  model  is  based  on  the  assumption  of  high  liquid  Lewis  number  and 
high  droplet  evaporation  rate.  Under  these  conditions,  we  may  assume  that  the  droplet 
surface  temperature  and  its  concentration  distributions  remain  constant,  at  Tg  and  X^  (r), 
respectively.  This  is  the  extension  of  single-component  (P-  law  to  the  multicomponent  case. 
The  temperature  assumption  implies  that  it  is  unnecessary  to  study  transient  liquid-phase 
processes.  Then  the  effective  latent  heat  is  equal  to  the  actual  latent  heat  and  the  constant 
concentration  profiles  are  given  by 
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df\^  dr  j 


T  IT  ^  -  ^il 

=  l^iKmr-^ 


a) 


The  solution  of  Eq.  (7)  is 


' 

- 

1  + 

1/^i  , 

exp[-Q'w/Le;(l r)] 

(8) 


The  only  unknown  parameter,  T^,  can  be  found  by  solving  Eq.  (3).  For  additional  details, 
the  reader  is  referred  to  Chen  [15]. 

Convective  Effects 

Mostly  semiempirical  approaches  have  been  employed  to  include  the  effects  of  gas- 
phase  convection  on  the  droplet  dynamics  and  vaporization  rate.  At  higher  Reynolds 
numbers,  a  typical  fonn  of  the  Ranz-Marshall  correlation  [16]  is  frequently  adopted. 
However,  heat  transfer  measurements  by  Yuge  [17]  considered  corrections  due  to  natural 
convection  at  low  Reynolds  number,  and  found  that  the  following  correlation  gives  a  better 
fit  to  his  experimental  data: 


=  1  +  0.27  Re>«Sc'/3  (9) 

m 

Based  on  Frossling  and  Ranz-Marshall  correlations,  Agoston  et  al.  [18]  developed  ano¬ 
ther  correlation. 


=  1  +  0.24  (10) 

m 

The  comparison  of  predicted  and  experimental  results  indicates  that  Eq.  (10)  provides  a 
better  correlation  for  the  present  case.  It  is  important  to  mention  that  more  advanced  models 
have  been  proposed  in  recent  years;  for  example,  Peng  and  Aggarwal  [19].  However,  we 
have  included  only  those  that  are  deemed  directly  relevant  to  the  present  study. 

The  relative  gas  velocity  also  produces  a  drag  force.  At  any  time  U  the  droplet 
velocity  and  location  along  its  trajectoiy  can  be  found  from  the  following  equations: 

=  |*-|V.  -  VJiV.  -  VJC„  -  sr.*(p,  -  P-)  HD 

^  -  V,  (12) 

where  is  the  drag  coefficient  and  is  correlated  to  the  Reynolds  number  [20]  by 
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=  27 


(13) 


Effects  of  Variable  Properties 

The  classical  study  of  droplet  vaporization  and  combustion  assumes  that  the  latent 
heat,  specific  heat,  thermal  conductivity,  product  pD  are  constants,  and  that  the  Lewis 
number  Le  =  (VC^pD)  is  unity.  These  assumptions  have  been  used  by  many  theoretical 
studies.  In  reality,  these  properties  are  strong  functions  of  both  temperature  and  species 
concentrations.  To  consider  these  effects,  a  reference-state  scheme  proposed  by  Law  and 
Williams  [21],  which  differs  from  the  usual  one-third  rule,  is  used  in  the  present  study. 
A  comprehensive  procedure  is  then  employed  to  obtain  the  thermophysical  properties  at 
the  reference  film  temperature  and  concentrations.  The  method  of  calculating  mixture 
properties  is  discussed  by  Chen  [15].  Another  important  property  is  the  latent  heat  L^.  In 
the  present  study,  the  ambient  temperature  is  relatively  low,  so  the  droplet  surface 
temperature  is  much  lower  than  the  boiling  temperature.  In  such  cases  ,  it  is  incorrect  to 
use  a  constant  Lf  at  the  boiling  temperature.  Here,  a  modified  Watson  relation  [22]  is  used 
for  the  correlation. 


4 


where  the  parameter  p  is  determined  from  experiments. 


(14) 


RESULTS  AND  DISCUSSION 

Several  experimental  data  sets  for  n-hexane,  w-decane,  and  bicomponent  fuel  drop¬ 
lets  injected  into  a  prescribed  hot  air  flow  are  provided  in  Tables  1-3.  In  each  table,  the 
droplet  size  and  velocity  history  along  its  trajectory  are  given.  The  corresponding  air 


Table  1  Measured  Droplet  Size  and  Velocity  History  for  /i-Decane  FueP 


Axial 

location 

Set  1 

Set  2 

Sets 

Va 

V, 

V, 

Z  (mm) 

D  (itm) 

(m/s) 

D  (iim) 

(m/s) 

D  (^im) 

(m/s) 

1 

59.36 

1.10 

58.00 

0.99 

55.91 

1,10 

2 

58.38 

0.96 

4 

58.48 

0.68 

8 

58.21 

0.36 

10 

58.09 

0.31 

58.06 

0.32 

56.61 

0.20 

20 

56.08 

0.38 

56.48 

0.42 

56.31 

0.24 

30 

53.89 

0.47 

55.00 

0.50 

55.41 

0.27 

40 

52.18 

0.54 

52.36 

0,57 

55.12 

0.30 

50 

49.39 

0.60 

50.11 

0.61 

55.34 

0.32 

60 

46.37 

0.65 

46.56 

0.67 

55.03 

0,33 

70 

43.57 

0.69 

43.75 

0.71 

55.44 

0,35 

«  Set  1  and  2  are  for  heated  air  flow,  while  for  set  3,  air  is  at  300  K. 
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Table  2  Measured  Droplet  Size  and  Velocit>^  History  for  n-Hexane  Fuel 


Axial 

location 

Set  1 

Set  2 

Set  3 

V. 

V., 

V, 

Z  (mm) 

D  (Jim) 

(m/s) 

D  (pm) 

(m/s) 

D  (pm) 

(m/s) 

1 

61.20 

1.12 

64.57 

1.15 

63.13 

1.36 

10 

58.31 

0.37 

53.15 

0.39 

61.60 

0.59 

20 

46.15 

0.42 

42.80 

0.44 

59,80 

0.27 

30 

37.78 

0.54 

35.80 

0.55 

52.00 

0.29 

40 

26.48 

0.62 

32.27 

0.76 

49.90 

0.32 

50 

16.05 

0.71 

24.59 

0.81 

47.19 

0.34 

60 

6.35 

0.74 

6.96 

0.76 

45.01 

0.36 

velocity  and  temperature  are  provided  in  Table  4.  These  data  are  used  for  the  validation  of 
several  droplet  dynamics  and  vaporization  models.  For  the  predictions,  a  second-order 
Runge-Kutta  scheme  with  variable  time  step,  controlled  by  the  rate  of  change  of  the  droplet 
diameter,  is  used  to  integrate  Eqs.  (1 1H12).  Results  for  the  pure  fuel  droplets  are  shown 
in  Figs.  5  and  6,  whereas  those  for  the  multicomponent  case  are  given  in  Figs.  7-9.  As  noted 
in  the  figures,  we  have  not  included  error  bars  with  experimental  data.  Our  estimate 
indicated  uncertainties  of  5%  in  velocity  data,  5-7%  in  size,  and  3-5%  in  temperature. 

Single-Component  Case 

Figure  5  shows  the  predicted  and  experimental  droplet  velocities  along  their  trajec¬ 
tories  for  both  hexane  and  decane  droplets.  The  measured  gas  velocity  is  also  shown  in  the 
figure.  The  droplet  velocity,  which  is  much  higher  than  the  gas  velocity  at  the  injection 
point,  relaxes  rapidly  to  an  equilibrium  value  and  then  follows  the  variation  of  gas  velocity 
along  the  trajectoiy .  While  the  overall  agreement  between  the  predicted  and  experimental 
values  is  reasonably  good,  the  comparison  underscores  the  deficiency  of  the  standard 
(steady-state)  drag  equation  to  capture  the  large  deceleration  experienced  by  the  droplet 
near  the  injection  location.  In  adchtion,  the  steady  drag  equation  is  not  able  to  reproduce 
the  measured  inflection  point,  where  the  droplet  acceleration  changes  sign.  This  implies 
that  the  effect  of  droplet  relative  acceleration  (see  Peng  and  Aggarwal  [23])  is  important 


Table  3  Measured  Droplet  Size  and  Velocity  Histoiy  for  Bicomponent 
Hexane-Decane  (50/50)  Fuel  _  _ 


Axial 

location 

Setl 

Set  2 

Sets 

V. 

V. 

Z  (mm) 

D  (pm) 

(m/s) 

Z)(Hm) 

(m/s) 

(m/s) 

1 

68.95 

1.13 

68.17 

1.02 

67.56 

1.02 

10 

62.82 

0.23 

63.65 

0-31 

64.33 

0.24 

20 

56.29 

0.33 

57.45 

0.32 

61.92 

0.21 

30 

55.71 

0.44 

55.61 

0.43 

60.37 

0.25 

40 

54.36 

0.51 

53.98 

0.50 

56.97 

0.29 

50 

49.15 

0.59 

51.11 

0.57 

55.70 

0.31 

60 

47.05 

0.63 

48.17 

0.62 

55.17 

0.33 
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Table  4  Air  Velocity  and 
Temperature  along  the  Droplet 
Trajectory 


Z  (mm) 

V  (m/s) 

r(K) 

1 

0.39 

371 

3 

0.12 

373 

5 

0.21 

371 

10 

0.35 

375 

20 

0.58 

382 

30 

0.72 

389 

50 

0.93 

398 

70 

1.04 

404 

90 

1.08 

409 

in  this  region.  For  small  to  moderate  droplet  accelerations,  however,  the  standard  drag 
correlation  seems  to  work  well,  provided  the  properties  of  the  gas  film  surrounding  the 
droplet  are  calculated  accurately. 

Figure  6  shows  the  variation  of  the  droplet  diameter  squared  obtained  experimen¬ 
tally  and  predicted  by  the  thin-skin,  diffusion  limit,  and  infinite  diffusion  models.  Note 
that  several  data  sets  were  obtained  to  assess  the  repeatability  of  data,  although  only  one 
is  shown  in  the  figure;  other  data  sets  are  provided  in  Tables  1-3.  The  overall  agreement 
between  predictions  and  experiments  is  quite  good.  For  hexane,  the  calculated  values  are 
not  very  sensitive  to  the  models.  For  decane,  however,  some  sensitivity  to  the  models  is 
indicated,  where  the  diffusion-limit  and  infinite-diffusion  models  show  better  agreement 
with  the  experimental  data  compared  to  the  thin-skin  model.  These  results  can  be 
explained  by  following  the  droplet  surface  temperature  history  [15].  For  hexane,  the 
boiling  temperature  is  relatively  low,  and  the  evaporation  proceeds  at  a  relatively  fast 
rate.  However,  the  latent  heat  needed  for  phase  change  is  more  than  the  heat  transferred 
from  the  gas  phase  to  the  droplet  surface.  Consequently,  the  surface  temperature  will 
decrease  until  the  heat  needed  for  evaporation  is  provided  by  the  heat  transferred  from 
the  ambient.  Therefore,  the  wet-bulb  temperature  is  below  the  initial  droplet  temperature. 
The  liquid-phase  transient  time  is  very  short,  and  all  three  models  predict  almost  the  same 
surface  temperature;  therefore,  the  droplet  size  variation  is  not  sensitive  to  the  models. 
For  decane,  however,  the  wet-bulb  temperature  is  relatively  high  and  the  droplet  transient 
heating  becomes  important.  As  a  result,  the  vaporization  behavior  is  sensitive  to  the 
models.  Initially,  the  evaporation  rate  is  very  low  and  the  amount  of  heat  needed  for 
evaporation  is  higher  than  the  heat  transferred  to  the  droplet  surface.  Consequently,  the 
droplet  temperature  keeps  increasing  until  it  reaches  an  equilibrium  temperature.  Because 
the  thin-skin  model  neglects  the  initial  transient  droplet  heating,  the  droplet  vaporizes  faster 
than  for  the  other  two  models.  Thus,  the  important  observation  is  that  the  difference 
between  the  models  is  more  significant  for  heavier  fuels  which  have  higher  boiling 
temperature  and,  thus,  a  longer  transient  heating  period. 

Another  important  observation  is  that  the  predictions  of  the  diffusion-limit  and 
infinite-diffusion  models  are  almost  the  same.  Since  the  ambient  temperature  is  relatively 
low,  the  temperature  gradient  between  the  droplet  surface  and  environment  is  small.  Thus 
the  rate  of  heat  transport  to  the  surface  is  not  much  faster  than  the  rate  of  heat  transport 
within  the  droplet  for  the  diffusion-limit  model.  Consequently,  these  two  models  predict 
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almost  the  same  surface  temperature  and,  hence,  the  same  vaporization  rate.  However,  for 
higher  ambient  temperatures,  the  rate  of  heat  transfer  to  the  droplet  surface  will  be  higher, 
and  the  difference  between  these  two  models  will  become  apparent  [15]. 

Multicomponent  Case 

The  multicomponent  case  is  more  complex  because  of  the  existence  of  slow  liquid- 
phase  diffusion.  An  incoirect  prediction  of  liquid  surface  composition  will  cause  a  significant 
difference  in  the  predicted  droplet  diameter  history.  Figure  7  shows  the  variation  of  the 
diameter  squared  along  the  trajectory  of  a  hexane/decane  droplet  with  initial  mass  fraction  of 
each  being  0.5,  It  is  interesting  to  note  that  the  experimental  data  indicates  a  batch-distillation 


o 


Fig.  5  Comparison  of  predicted  and  experimental  drop¬ 
let  velocities  along  the  trajectory. 
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Fig.  6  Diameter  squared  along  the  trajectory  for  a  fuel  droplet. 


type  of  behavior,  which  is  better  simulated  by  the  infinite-diffiision  model.  This  means  that 
the  assumption  of  a  spatially  uniform  liquid  temperature  and  composition  may  be  a  good 
approximation  for  the  present  case.  This  is  due  to  the  slow  rate  of  vaporization  at  relatively 
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DISTANCE  DOWNSTREAM  (CM) 


Fig.  7  Diameter  squared  along  the  trajectory  for  a  multicom¬ 
ponent  fuel  droplet. 
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low  environment  temperature,  which  makes  the  droplet  evaporation  time  comparable 

to  the  mass  diffusion  time  {R^ID)  and  heat  conduction  time  (/?Vot).  Here,  R  represents  the 
initial  droplet  radius,  p  a  characteristic  vaporization  rate  constant,  D  the  mass  diffusivity,  and 
a  the  thermal  diffusivity.  It  is  also  noteworthy  that  the  differences  between  this  model  and 
the  diffusion-limit  model  are  not  significant.  The  thin-skin  model  does  not  show  as  good  an 
agreement  as  the  other  two  models.  This  is  due  largely  to  the  excessively  slow  rate  of 
evaporation  and  long  liquid  transient  time  causing  the  assumption  of  constant  temperature 
and  composition  profiles  to  deviate  firom  the  real  situation. 

Figure  8  shows  the  variation  of  the  surface  mass  fraction  of  liquid  hexane  as  well 
as  the  surface  temperature  along  the  droplet  trajectory.  Significant  disagreements  exist 
among  the  three  models.  For  the  thin-skin  model,  the  surface  concentration  and  tempera¬ 
ture,  by  definition,  have  constant  values,  while  for  the  diffusion-limit  model,  the  surface 
concentration  initially  decreases  much  faster  than  that  for  infinite-diffusion  model  and 
then  levels  off  at  almost  a  constant  value.  For  the  infinite-diffusion  model,  the  surface 
mass  fraction  of  hexane  decreases  steadily  due  to  the  preferential  vaporization  of  more 
volatile  species,  whereas  the  surface  temperature  initially  has  a  constant  value  given  by 
the  wet-bulb  temperature  of  the  hexane  component.  It  then  continues  to  increase  slowly 
as  the  wet-bulb  temperature  increases  following  the  change  in  the  liquid  surface  compo¬ 
sition.  Finally,  it  approaches  the  wet-bulb  temperature  of  decane.  There  is  a  transition 
region  between  the  two  inflection  points  of  the  curve  which  corresponds  to  the  depletion 
of  the  hexane  component. 

The  differences  in  the  surface  temperature  and  liquid  concentrations  cause  differ¬ 
ences  in  the  predictions  of  surface  vapor  concentrations.  It  is  observed,  though  not  shown 
here,  that  the  liquid  concentration  has  a  more  dominant  effect  on  the  surface  vapor 
concentration.  As  a  result,  the  diffusion-limit  model  underpredicts  the  vaporization  rate 
compared  to  the  infinite-diffusion  model.  Note  that  this  behavior  is  observed  for  low 
ambient  temperatures.  At  relatively  high  ambient  temperatures,  the  behavior  is  signifi¬ 
cantly  different  [5]. 

Figure  9  shows  the  sensitivity  of  predictions  to  the  method  of  calculating  reference 
properties  for  the  variable-property  effects.  Method  1  considers  only  the  effect  of  tempera¬ 
ture,  while  methods  2  and  3  consider  the  effects  of  both  mixture  temperature  and  compo¬ 
sition.  For  methods  1  and  2,  the  commonly  used  one-third  rule  is  employed,  while  method 
3  [21]  uses  a  different  averaging  rule  for  calculating  the  reference  values.  An  important 
observation  is  that  method  1,  which  considers  only  the  variable  temperature  effect,  shows 
significant  differences  from  the  experimental  results,  especially  later  in  the  lifetime  when 
the  heavier  fuel  (decane)  begins  to  vaporize.  The  difference  between  methods  2  and  3, 
which  consider  the  variable  temperature  and  fuel  vapor  effects,  is  negligible.  Method  3  has 
been  used  for  calculating  the  variable  thermo-transport  properties  in  the  present  study. 


CONCLUSIONS 

The  vaporization  behavior  of  a  fuel  droplet  in  a  laminar  hot  air  flow  has  been  studied 
experimentally  and  theoretically.  Pure  as  well  as  multicomponent  fuels  have  been  consi¬ 
dered.  Several  experimental  data  sets  are  provided  in  a  form  such  that  other  researchers  can 
easily  use  them  for  model  validation.  Numerical  results  predicted  by  three  vaporization 
models  have  been  compared  with  experimental  data.  Important  conclusions  are  as  follows. 
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Fig,  8  Liquid  hexane  mass  fraction  and  temperature  at  the 
droplet  surface  along  the  trajectory. 
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Fig.  9  Comparison  of  droplet  size  squared  along  the  trajectory  with 
different  methods  of  calculating  theimophysical  properties. 


1.  While  the  overall  agreement  between  the  predicted  and  experimental  velocity 
histories  is  reasonably  good,  the  comparison  underscores  the  deficiency  of  the 
standard  (steady-state)  drag  equation  to  capture  the  large  deceleration  experi¬ 
enced  by  the  droplet  near  the  injection  location.  In  addition,  the  steady  drag 
equation  is  not  able  to  reproduce  the  measured  inflection  point,  where  the  droplet 
acceleration  changes  sign.  This  implies  that  the  effect  of  droplet  relative  accelera¬ 
tion  (see  Peng  and  Aggarwal  [23])  is  important  in  this  region.  For  small  to 
moderate  droplet  accelerations,  however,  the  standard  drag  correlation  seems  to 
work  well,  provided  the  properties  of  the  gas  film  surrounding  the  droplet  are 
calculated  accurately. 

2.  The  vaporization  behavior  of  a  hexane  fuel  droplet  is  not  sensitive  to  the  vapor¬ 
ization  models.  For  less  volatile  fuels  such  as  decane,  however,  the  vaporization 
behavior  shows  some  degree  of  sensitivity  to  the  models.  The  thin-skin  model  is 
less  accurate.  The  other  two  models  show  excellent  agreement  with  experimental 
data.  The  difference  between  the  infinite-diffusion  and  diffusion-limit  models 
becomes  more  significant  at  higher  environment  temperatures. 

3.  The  vaporization  behavior  of  a  multicomponent  fuel  droplet  is  better  simulated  by 
the  infinite-diffusion  model  for  a  relatively  low-ternperamre  case.  However,  the 
difference  between  the  infinite-diffusion  and  diffusion-limit  models  is  not  very 
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significant.  The  thin-skin  model  shows  significant  deviation  from  the  experimen¬ 
tal  values. 

4.  The  variable  property  effects  are  important  for  an  accurate  prediction  of  droplet 
velocity  and  size.  Not  only  the  effect  of  temperature  but  also  that  of  fuel  vapor 
should  be  considered  for  calculating  the  thermophysical  properties  of  the  gas  film 
surrounding  the  droplet.  For  the  low-environment-temperature  case,  the  accurate 
prediction  of  the  latent  heat  of  fuel  also  becomes  important. 

To  conclude,  the  present  study  illustrates  that  for  relatively  low  ambient  tempera¬ 
tures,  both  the  infinite-diffusion  and  diffusion-limit  methods  can  accurately  predict  the 
vaporization  of  pure  as  well  as  multicomponant  fuel  droplets.  However,  it  is  important  to 
include  the  effects  of  variable  thermophysical  properties  of  the  gas  film  outside  the  droplet 
as  well  as  of  the  liquid-phase  properties  in  a  comprehensive  manner.  The  present  study  also 
indicates  the  need  for  measuring  the  surface  properties  of  the  multicomponent  fuel  droplet 
In  particular,  the  measurement  of  the  time  history  of  surface  temperature  and  species 
concentrations  is  recommended. 
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Abstract— In  this  paper,  we  present  direct  numerical  simulation  of  a  droplet-laden  swirling  jet,  and 
examine  the  effects  of  swirl  and  two-phase  momentum  coupling  on  the  jet  dynamics  and  structural 
characteristics.  A  time-dependent,  muIti-dimensional,  two-phase  algorithm  is  developed  for  the  simu¬ 
lation,  Results  for  the  single-phase  swirling  jet  at  a  Reynolds  number  of  800  indicate  that  the  dynamics 
of  large-scale  structures  are  strongly  affected  by  the  degree  of  swirl  imparted  to  the  incoming  flow.  For 
low  and  intermediate  swirl  intensities,  the  vortex  rings  roll  up  closer  to  the  nozzle  exit,  their  frequency 
increases,  and  pairing  interactions  become  progressively  stronger  as  the  swirl  number  {S)  is  increased. 

Thus,  the  addition  of  swirl  to  a  transitional  jet  appears  to  modify  its  vortex  dynamics  in  a  way  that 
enhances  the  beneficial  effects  of  both  swirl  and  vortex  structures  on  the  shear  layer  growth  and 
entrainment.  For  a  strongly  swirling  jet,  the  presence  of  a  central  stagnant  zone  and  recirculation 
bubble  causes  a  dramatic  increases  in  the  jet  spreading  angle,  and  this  has  a  very  dramatic  effect  on 
vortex  dynamics.  Based  on  a  detailed  visualization  of  the  dynamic  structure,  we  speculate  that  vortex 
structures  in  turn  play  an  important  role  in  determining  the  location  and  size  of  recirculation  bubble. 

Results  for  the  two-phase  swirling  jet  indicate  that  for  a  mass  loading  ratio  of  unity,  the  jet  dynamic 
and  time-averaged  behavior  are  strongly  affected  by  both  the  interphase  momentum  coupling  and  swirl 
intensity.  For  a  nonswirling  two-phase  jet,  the  momentum  coupling  modifies  the  dynamics  of  large 
vortex  structures,  including  their  roll-up  location  and  frequency,  which  leads  to  enhanced  mixing  and 
entrainment  of  colder  fluid  into  the  shear  layer.  In  contrast,  for  weakly  and  moderately  swirling  two- 
phase  jets  (5  <  0.5).  the  momentum  coupling  reduces  the  shear  layer  growth,  as  well  as  mixing  and 
entrainment  rate.  As  the  swirl  number  is  increased,  the  effect  becomes  progressively  stronger,  mani¬ 
fested  by  the  reduced  rate  of  decay  of  gas  velocity  and  temperature  along  the  jet  axis.  In  addition,  the 
relation  between  roll-up  frequency  and  swirl  is  modified  in  that  the  frequency  increases  with  5  for  a 
single-phase  jet,  while  it  becomes  independent  of  S  for  the  corresponding  two-phase  jet.  Consequently, 
the  vortex  pairing  interactions,  which  are  responsible  for  enhanced  mixing  and  entrainment  for  single¬ 
phase  swirling  jets,  are  suppressed  for  two-phase  jets.  For  strongly  swirling  two-phase  jets  (5  >0.5), 
the  effect  of  momentum  coupling  becomes  even  more  dramatic.  Results  for  5  =  0.75  indicate  a  drastic 
reduction  in  the  size  of  the  recirculation  bubble  for  the  two-phase  jet.  ©  1998  Elsevier  Science  Ltd. 
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1.  INTRODUCTION 

Swirling  jet  flows  are  utilized  in  a  wide  range  of  applications.  By  imparting  swirl  to  the  incoming 
flow,  the  structure  of  both  nonreacting  and  reacting  flows  can  be  changed  in  a  dramatic  manner 
(Lilley  1977).  The  structure  of  swirling  jet,  for  example,  is  strongly  affected  by  the  degree  of 
swirl,  characterized  by  a  swirl  number  (S)  which  is  defined  as  the  ratio  of  axial  flux  of  swirl  or 
azimuthal  momentum  to  that  of  axial  momentum.  For  a  weakly  swirling  nonreacting  jet 
(S  <  0.4),  the  jet  growth,  entrainment  and  decay  are  enhanced  progressively  as  S  is  increased. 
For  a  corresponding  strongly  swirling  jet  (S  >  0.5),  the  behavior  changes  more  dramatically  due 
to  the  formation  of  a  recirculation  bubble.  In  combustion  applications,  the  recirculation  bubble 
perhaps  represents  the  most  significant  and  useful  effect  of  swirl,  as  it  plays  a  central  role  in 
flame  stabilization  and  enhanced  combustor  performance. 
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Extensive  research  efforts  have  been  expended  in  understanding  and  characterizing  the  effects 
of  swirl  in  nonreacting  and  reacting  flows  (Lilley  1977;  Ribeiro  and  Whitelaw  1980;  Leschziner 
and  Rodi  1984).  A  commonly  used  configuration  in  both  experimental  and  computational 
studies  involves  a  confined  or  free  swirling  jet.  Most  of  these  studies,  however,  deal  with  the 
time-averaged  behavior  of  swirling  single-phase  (Leschziner  and  Rodi  1984;  Dellenbach  et  al. 
1988;  Durst  and  Wennerberg  1991)  and  two-phase  jets  (Sommerfeld  and  Qui  1993).  The  transi¬ 
ent  aspects,  particularly  those  associated  with  large-scale  vortex  structures,  have  not  been  exam¬ 
ined,  although  these  structures  have  been  shown  to  have  a  dominant  effect  on  the  near  jet  flow 
dynamics  of  non-swirling  jets.  Numerous  experimental  and  numerical  studies  (Crow  and 
Champagne  1971;  Yule  1978)  have  shown  that  toroidal  vortex  rings  form  periodically  in  the 
near  field  of  round  jets  and  convect  downstream.  These  axisymmetric  structures  roll  around  due 
to  the  inhomogeneous  flow  field,  and  may  also  undergo  pairing  interactions,  depending  on  the 
flow  conditions,  such  as  initial  disturbance  level  and  other  experimental  conditions.  In  addition, 
their  dynamics  can  be  modified  significantly  by  external  forcing  (Reynolds  and  Bouchard  1981). 
There  are  also  other  mechanisms  that  can  modify  their  temporal  and  spatial  growth  character¬ 
istics.  These  include  acoustic  (pressure)  fluctuations  (Kailasanath  et  ai  1989),  which  can  modify 
the  dominant  frequency  associated  with  large  scale  structures,  compressibility  effects  (Shau  et  al 
1993),  and  density  variations  caused  by  a  variation  in  temperature  or  molecular  weight 
(Subbarao  and  Cantwell  1992).  Yet  another  mechanism  that  may  alter  the  dynamics  of  large- 
scale  structures  pertains  to  the  effect  of  swirl,  which  induces  a  body  force  in  the  radial  momen¬ 
tum  equation,  and  an  adverse  pressure  gradient  in  the  axial  direction.  For  weakly  swirling  jets, 
the  axial  adverse  pressure  gradient  caused  by  swirl  can  modify  the  processes  of  vortex  roll-up 
and  pairing  interactions.  For  strongly  swirling  jets,  the  jet  spreading  and  recirculation  zone 
created  by  the  swirl  effect  can  have  a  more  dramatic  effect  on  the  dynamics  of  vortex  rings.  To 
our  knowledge,  these  aspects  dealing  with  the  dynamic  interactions  between  large  scale  struc¬ 
tures  and  swirl,  and  those  between  large  structures  and  droplets  in  a  swirling  shear  flow,  have 
not  been  investigated  in  previous  studies. 

In  this  paper,  we  present  a  numerical  simulation  of  a  droplet-laden  swirling  jet.  The  major 
objective  of  this  study  is  to  investigate  the  dynamics  of  large-scale  structures  under  different 
swirl  conditions,  and  their  interactions  with  the  droplets  injected  in  the  shear  layer  of  an  axi¬ 
symmetric  swirling  jet.  A  direct  numerical  solver  without  any  turbulence  or  subgrid  model  is 
employed.  The  simulation  first  examines  the  dynamics  of  vortex  rings  and  their  interactions  with 
the  swirling  flow  field  in  a  transitional  heated  jet.  Then,  a  droplet-laden  swirling  jet  is  simulated 
in  order  to  examine  the  effects  of  two-phase  momentum  coupling  on  the  jet  dynamics  and  struc¬ 
tural  behavior.  The  jet  Reynolds  number  based  on  a  jet  velocity  of  5.0  m/s,  diameter  25.4  mm, 
and  kinematic  viscosity  of  heated  jet  fluid  is  800.  In  our  earlier  study  (Aggarwal  et  al  1996),  the 
dynamics  of  a  nonswirling  two-phase  jet  were  investigated,  and  it  was  shown  that  the  shear 
layer  stability  and  vortex  dynamics  can  be  modified  significantly  by  controlling  the  droplet 
injection  characteristics.  The  present  study  extends  that  work  to  a  swirling  two-phase  jet,  and 
examines  the  effects  of  both  swirl  and  two-phase  momentum  coupling  on  its  dynamic  and  time- 
averaged  structure. 

2.  PHYSICAL-  NUMERICAL  MODEL 

A  cartoon  of  the  two-phase  swirling  jet  investigated  in  the  present  study  is  shown  in 
figure  1 .  It  consists  of  a  central  swirling  jet  which  is  a  two-phase  mixture  of  air  and  liquid  fuel 
(n-heptane)  droplets  and  a  low-speed  annular  air  flow.  The  jet  at  axial  velocity  of  5.0  m/s  and 
temperature  of  1200  K  is  issuing  into  a  co-flow  with  a  velocity  of  0.2  m/s  without  swirl  and 
temperature  of  294  K.  Note  that  the  use  of  high  jet  temperature  is  based  on  the  consideration 
that  we  plan  to  investigate  an  evaporating  spray  in  a  subsequent  study.  In  the  present  study,  a 
nonevaporating  spray  is  simulated  in  order  to  examine  the  effects  of  two-phase  momentum 
coupling  in  the  near  region  of  a  swirling  jet.  The  jet-shear-layer  instability  is  primarily  of  the 
Kelvin-Helmholtz  type  (Aggarwal  et  ai  1996). 

The  numerical  model  is  based  on  solving  the  time-dependent,  two-phase  equations  in  an 
axisymmetric  geometry.  The  unsteady,  axisymmetric  governing  equations  in  cylindrical  (r,  r) 
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coordinates  for  a  droplet-laden  swirling  jet  are: 


9(pO)  ^  9(pwO)  ^  9(pvO) 


r^90 


9r 


9r 


dr 


dr 


[i] 


The  general  form  of  [1]  represents  the  continuity,  three  momentum,  and  energy  conservation 
equations  depending  on  the  variable  used  for  0.  The  transport  coefficients  and  the  source 
terms  and  that  appear  in  the  governing  equations  are  listed  in  table  1.  Note  that  the 
equations  in  table  I  correspond  to  an  evaporating  two-phase  flow.  For  the  present  study,  which 
simulates  a  nonevaporating  two-phase  flow,  the  species  equations  are  not  considered,  and 
droplet  vaporization  rate  (wj- )  is  taken  identically  equal  to  zero.  The  transport  coefficients 
and  source  terms  contain  the  fluid  properties  such  as  viscosity  (p),  thermal  conductivity  (x),  and 
specific  heat  (Cp).  They  are  considered  functions  of  temperature  and  species  concentration. 

The  effect  of  dispersed  phase  on  gas-phase  properties  is  incorporated  through  the  source/sink 
terms  (Sf),  representing  the  exchange  of  momentum  between  the  gas  and  dispersed  phases.  In 
order  to  evaluate  these  terms,  it  is  necessary  to  establish  droplet  trajectories.  The  Lagrangian 
approach  is  employed  to  solve  the  liquid-phase  governing  equations  for  the  dynamics  of  each 
droplet  group.  The  spray  is  characterized  by  a  discrete  number  of  droplet  groups,  distinguished 
by  their  injection  location,  initial  size,  and  time  of  injection.  A  droplet  group  in  a  Lagrangian 
treatment  represents  a  characteristic  group  containing  a  finite  number  of  droplets.  Since  an 
axisymmetric  configuration  is  analyzed,  the  liquid  properties  are  implicitly  averaged  in  the 
azimuthal  direction  and  the  number  of  droplets  associated  with  each  characteristic  group 
represents  droplets  uniformly  distributed  in  an  annular  ring.  The  equations  governing  the 
variation  of  position  and  velocity  of  each  droplet  are  as  follows: 

dz/c 


[2] 


where 


duk 

dt 

dv/c 

dt 


^dkPk 


\U-Uk\{u-Uk)’^ 


^^dPg 

^dkPk 


|v- Vife|(v- VA:)'-h 


yk 


dwk 

dt 


'^CdPq 

^dkPk 


\w  -  Wk\(w  -  Wk) - 


yk 


[3] 


[4] 


Refc  = 


Pa{{u  -  Ukf  +  (v  -  Vkf  +  (w  -  WkfV^-dk 
Pg 


[5] 


In  the  above  equations,  Zk  and  yk  are,  respectively,  the  instantaneous  axial  and  radial  locations 
of  a  droplet  group,  while  Uk,  v^,  and  Wk  are,  respectively,  its  axial,  radial,  and  azimuthal  velocity 
components.  Further,  dk,  pk^  and  Re^t  ^re,  respectively,  the  droplet  size,  material  density  and 
Reynolds  number,  whereas  po  and  pc  are  the  gas  density  and  viscosity,  respectively.  In  the 
present  simulation,  we  consider  nonevaporating  n-heptane  droplets.  In  a  subsequent  study,  we 
plan  to  extend  the  analysis  to  evaporating  droplets.  The  density  of  n-heptane  fuel  is  assumed  to 
be  649.4  kg/m^,  which  yields  a  value  of  more  than  100  for  the  ratio  of  droplet  density  to  gas 
density,  with  the  latter  value  based  on  an  average  gas  temperature  of  750  K.  This  sufficiently 
large  density  ratio  allows  us  to  neglect  the  Basset  force,  pressure  gradient  and  other  contri- 
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Figure  I.  Schematic  of  a  droplet-laden  swirling  jet.. 

butions  from  flow  non-uniformities,  and  consider  only  the  quasi-steady  drag  and  gravity  forces 
in  [3]. 

The  numerical  solution  of  the  unsteady  two-phase  equations  employs  an  implicit  algorithm 
for  solving  the  gas-phase  equations,  and  an  explicit  Runge-Kutta  procedure  for  the  liquid-phase 
equations.  The  finite-difference  forms  of  the  momentum  equations  are  obtained  using  an  implicit 
QUICKEST  scheme  (Leonard  1979),  while  those  of  energy  equations  are  obtained  using  a 
hybrid  scheme  of  upwind  and  central  differencing  (Spalding  1972).  A  ‘finite  control  volume’ 
approach  with  a  nonuniform  staggered-grid  system  is  utilized.  An  orthogonal  grid  having 
expanding  cell  sizes  in  both  the  axial  and  the  radial  direction  is  employed.  An  iterative  ADI 
(Alternative  Direction  Implicit)  technique  is  used  for  solving  the  resulting  sets  of  algebraic 
equations.  At  every  time  step,  the  pressure  field  is  calculated  by  solving  all  the  pressure  Poisson 
equations  simultaneously,  and  utilizing  the  LU  (lower  and  upper  diagonal)  matrix  decomposition 
technique. 

Axisymmetric  calculations  are  made  on  a  physical  domain  of  400xl50mm^  utilizing  a 
151x61  nonuniform  grid  system.  The  computational  domain  is  bounded  by  the  axis  of 
symmetry  and  an  outflow  boundary  in  the  radial  direction  and  by  the  inflow  and  another  out¬ 
flow  boundary  in  the  axial  direction.  The  outer  boundaries  in  the  z  and  r  directions  are  located 
sufficiently  far  from  the  nozzle  exit  (16  nozzle  diameters)  and  the  axis  of  symmetry  (six  nozzle 
diameters),  respectively,  to  minimize  the  propagation  of  boundary-induced  disturbances  into  the 
region  of  interest  (seven  and  two  nozzle  diameters  in  the  axial  and  radial  directions,  respect¬ 
ively).  A  flat  profile  for  axial  velocity  and  a  linear  profile  for  swirl  velocity  (swirl  velocity  being 
a  linearly  increasing  function  of  radius)  are  used  at  the  inflow  boundary.  It  is  important  to 
mention  that,  for  a  given  swirl  number,  one  can  employ  different  swirl  velocity  profiles  at  the 
inflow  boundary,  and  this  may  affect  the  jet  development.  However,  a  linear  velocity  profile  pro¬ 
vides  a  good  approximation  to  the  real  situation,  and  has  often  been  used  in  computational  stu¬ 
dies  (Ribeiro  and  Whitelaw  1980;  Leschziner  and  Rodi  1984).  A  zero-gradient  boundary 
condition  with  an  extrapolation  procedure  with  weighted  zero-  and  first-order  terms  is  used  to 
estimate  the  flow  variables  at  the  outflow  boundary.  The  weighting  functions  are  selected  using 
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the  trial-and-error  approach,  and  the  main  criterion  used  is  that  the  vortices  crossing  the  out¬ 
flow  boundary  leave  smoothly  without  being  distorted.  For  the  given  flow  conditions,  a  steady- 
state  solution  was  first  obtained  by  neglecting  the  unsteady  terms  in  the  governing  equations. 
Then,  the  unsteady  two-phase  swirling  jet  simulations  were  performed  using  the  previously 
obtained  steady-state  solution  as  the  initial  flow  condition. 

The  liquid-phase  equations  governing  the  position  of  each  droplet  group  are  advanced  in  time 
by  a  second-order  accurate  Runge-Kutta  method.  Since  the  gas-phase  solution  employs  an  im¬ 
plicit  procedure,  the  temporal  step  size  used  for  integrating  the  liquid-phase  equations  is  usually 
smaller  than  that  for  gas-phase  equations.  An  automatic  procedure  is  implemented  in  order  to 
select  an  optimum  liquid-phase  time  step.  The  procedure  to  advance  the  two-phase  solution 
over  one  gas-phase  time  step  is  as  follows.  Using  the  known  gas-phase  properties,  the  liquid- 
phase  equations  are  solved  over  the  specified  number  of  liquid-phase  subcycles.  A  third-order 
accurate  Lagrangian  polynomial  method  is  used  for  interpolating  the  gas-phase  properties  from 
the  nonuniform  fixed  grid  to  the  droplet  characteristic  location.  It  should  be  noted  that  the 
interpolation  scheme  for  the  gas-phase  velocities  (m,  v  and  vi;)  is  based  on  their  respective  grid 
cells  because  of  the  use  of  a  staggered  grid  in  gas-phase  calculation.  The  droplet  properties  are 
updated  after  every  liquid-phase  subcycle.  Also,  during  each  subcycle,  the  liquid-phase  source 
terms  appearing  in  the  gas-phase  equations  are  calculated  at  the  characteristic  location,  and 
then  distributed  to  the  surrounding  gas-phase  grid  points.  These  source  terms  are  added  at  each 
gas-phase  grid  points  during  one  gas-phase  time  step  and  then  used  in  the  implicit  solution  of 
the  gas-phase  equations.  It  is  also  important  to  note  that  the  integration  of  droplet  equations  [3] 
in  cylindrical  coordinates  require  special  care  near  the  axis  of  symmetry,  where  a  specular 
boundary  condition  is  imposed.  This  implies  that,  as  a  droplet  approaches  the  left  boundary,  it 
is  replaced  by  another  droplet  entering  the  domain  at  the  reflected  angle. 

Numerical  validation  studies  for  both  single-phase  and  two-phase  jets,  as  well  as  for 
low-speed  diffusion  flames,  employing  different  grids  and  temporal  step  sizes  have  been  reported 
previously  (Aggarwal  et  al  1996;  Katta  et  al.  1994).  Some  additional  results  showing  grid 
independence  are  depicted  in  figure  2.  The  time-history  of  gas  velocity  computed  for  two  differ¬ 
ent  grid  sizes,  151  x  61  and  226x91  for  nonswirling  and  swirling  jets  is  plotted  in  figure  2(a) 
and  2(b),  while  the  profiles  of  time-averaged  velocity  along  the  jet  axis  for  three  different  swirl 
numbers  are  plotted  in  figure  2(c).  Since  a  nonuniform  grid  is  employed  with  grid  lines  clustered 
near  the  shear  layer  to  resolve  the  steep  gradients  of  the  dependent  variables,  additional  grid 
points  in  the  226x91  grid  are  placed  near  the  shear  layer,  thus  effectively  reducing  the  grid 
density  for  this  grid  by  nearly  100%  compared  to  thC'  151  x  61  grid.  The  time-history  plots  of 
gas  velocity  clearly  depict  the  highly  periodic  nature  of  jet  vortex  rings  associated  with  the 
Kelvin-Helmholtz  instability.  For  the  nonswirling  jet,  the  Strouhal  number  associated  with  this 
instability  obtained  from  the  fast  Fourier  transform  of  axial  velocity  is  0.33,  which  agrees  with 
the  reported  experimental  range  of  0.25-0.5  (Hussain  and  Hussain  1983).  The  aspects  pertaining 
to  the  dynamic  and  time-averaged  jet  behavior  for  different  swirl  numbers  are  discussed  in  the 
next  section.  An  important  observation  here  is  that  the  151  x  61  grid  is  able  to  capture  the 
periodic  behavior,  including  the  frequency  and  phase  of  vortex  structures,  as  well  as  the  time- 
averaged  structure  of  both  nonswirling  and  swirling  jets. 


3.  RESULTS 


The  swirl  number  is  defined  as 


o  1  dr 


[6] 


where  Tq  is  the  radial  extent  of  computational  domain,  r  is  the  radial  coordinate,  and  u  and  w 
are,  respectively,  the  gas  axial  and  azimuthal  velocity  components.  This  definition  treats  5  as  a 
function  of  axial  distance.  Thus,  at  the  inflow  boundary  tq  becomes  equal  to  the  jet  radius. 

First,  we  examine  the  dynamics  of  single-phase  swirling  jets  at  different  swirl  numbers  (5), 
The  objective  is  to  understand  and  characterize  the  dynamic  interactions  between  swirl  and 
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Figure  2.  Time-history  plots  of  centerline  gas  velocity  (a  and  b)  and  axial  profiles  of  time-averaged  cen- 
tedine  gas  velocity  (c)  for  nonswirling  and  swirling  (swirl  number  S  =  0.375)  jets  obtained  by  using  two 

different  grid  sizes,. 

large-scale  structures,  and  the  effects  of  these  interactions  on  the  jet  behavior.  Since  the  jet 
dynamics  and  structural  characteristics  are  strongly  influenced  by  the  presence  of  both  swirl  and 
large  scale  structures,  it  is  of  interest  to  examine  how  the  vortex  dynamics  are  affected  by  swirl, 
and  how  the  distribution  of  swirl  and  its  decay  rate  are  modified  by  vortex  structures.  The  latter 
effect  is  important  since  the  swirl  decay  rate  determines  the  pressure  distribution,  and  thereby 
the  jet  gross  behavior,  especially  the  onset,  location  and  extent  of  the  recirculation  bubble  at 
high  swirl  numbers.  The  above  interactions  are  examined  by  employing  flow  visualization  (snap¬ 
shots  of  the  flow  field),  as  well  as  the  instantaneous  and  time-averaged  properties. 

Figure  3  shows  some  representative  snapshots  of  the  flow  field  for  different  swirl  numbers. 
In  each  snapshot,  we  plot  instantaneous  iso-temperature  contours  on  the  right,  and  streaklines 
on  the  left.  Simulations  for  the  nonswirling  jet  indicate  the  presence  of  well-organized  vortex 
rings.  Toroidal  vortex  rings  roll  up  periodically  near  =  4  cm  {zjD  —  1.6)  from  the  nozzle  exit. 
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convect  downstream,  and  undergo  a  weak  pairing  interaction  near  2  =  16  cm.  The  snapshot  for 
5  =  0  clearly  indicates  a  vortex  roll-up  occurring  near  z  =  4  cm,  and  a  pairing  interaction  near 
z  =  16  cm.  These  results  were  confirmed  by  the  fast  Fourier  transform  of  axial  velocity  recorded 
at  several  axial  locations,  shown  in  figure  4(a),  which  yields  dominant  frequencies  of  64  and 
32  Hz  corresponding  to  the  roll-up  and  merging  frequencies,  respectively.  Results  for  5  =  0.375, 
figure  3,  indicate  a  more  dramatic  effect  of  swirl  on  the  dynamics  of  large  scale  structures.  First 
of  all,  the  vortex  roll-up  location  is  shifted  upstream  and  the  frequency  is  increased  from  64  to 
75  Hz  compared  to  the  nonswirling  case.  Second,  the  vortex  pairing  becomes  a  prominent 
feature  of  shear  layer  dynamics  in  the  near  jet  region,  which,  we  speculate,  is  caused  by  the 
adverse  pressure  gradient  effect  of  swirl.  Since,  the  pressure  increases  along  the  centerline  for 
the  swirling  case,  the  centerline  velocity  for  the  swirling  jet  decays  faster  compared  to  that 
for  the  nonswirling  jet.  This  is  indicated  clearly  in  figure  5(a),  which  shows  the  variation  of 
time-averaged  gas  velocity  along  the  centerline  for  different  swirl  numbers.  As  a  result,  the  lead¬ 
ing  toroidal  vortex  is  slowed  down,  causing  a  well-organized  pairing  interaction  to  occur  near 
z  =  7  cm.  The  faster  decay  of  centerline  velocity  also  causes  the  occurrence  of  second  vortex 
pairing  near  z=  12  cm.  The  processes  of  shear  layer  roll-up  and  pairing  interactions  for 
5  =  0.375  are  clearly  depicted  in  figure  3.  The  corresponding  frequencies,  obtained  from  the  fast 
Fourier  transform  of  axial  velocity  and  displayed  in  figure  4(b),  are  74,  37,  and  19  Hz,  respect¬ 
ively.  The  occurrence  of  multiple  vortex  pairings  in  a  swirling  jet  has  an  important  implication 
with  regard  to  the  effect  of  swirl-vortex  interaction  on  the  jet  development  and  entrainment. 
Since  the  presence  of  multiple  vortex  pairings  is  known  to  enhance  shear  layer  growth  and 
entrainment,  the  numerical  results  indicate  that  the  addition  of  swirl  modifies  vortex  dynamics 
in  a  way  which  further  enhances  the  beneficial  effects  of  swirl. 

As  the  swirl  intensity  is  increased,  the  above  effects  become  progressively  stronger.  The 
increased  swirl  strength  promotes  greater  jet  spreading,  mixedness,  and  reduction  of  the  poten¬ 
tial  core.  In  addition,  the  vortex  roll-up  occurs  earlier  (more  upstream),  and  the  convecting  tor¬ 
oidal  vortex  slows  down  considerably,  as  it  moves  radially  outward  (due  to  jet  spreading)  and 
the  centerline  velocity  decays  more  rapidly.  Consequently,  with  increased  swirl,  vortex  pairings 
occur  earlier  and  with  greater  intensity,  further  promoting  shear  layer  growth  and  entrainment. 
For  5  =  0.5,  as  noted  in  figure  3,  the  locations  of  vortex  roll-up  and  first  and  second  pairing 
interactions  are  at  approximately  z  =  2,  5,  and  8  cm,  respectively,  compared  with  the  corre¬ 
sponding  values  of  3,  7,  and  10  cm  for  5  =  0.375.  In  addition,  the  corresponding  frequencies 
are  higher  and  a  third  pairing  interaction  is  observed  for  5  =  0.5;  see  figure  4(c).  The  above  ob¬ 
servations  are  also  confirmed  by  the  axial  profiles  of  time-averaged  gas  velocity  and  temperature 
shown  in  figure  5.  As  5  is  increased,  the  centerline  temperature  decreases  more  rapidly,  indicat¬ 
ing  a  pronounced  increase  in  the  shear  layer  growth  and  entrainment  of  colder  fluid  into  the  hot 
jet.  This  is  a  significant  result  in  that  the  overall  effect  of  swirl-vortex  interaction  at  low  to  inter¬ 
mediate  swirl  intensities  (5  <  0.5)  is  to  augment  the  effect  of  each.  Note  that  both  the  addition 
of  swirl  and  the  presence  of  large  vortex  structures  are  known  to  enhance  shear  layer  growth 
and  entrainment.  Our  results  indicate  that  an  increase  in  swirl  intensity  promotes  multiple 
vortex  pairings,  which  further  enhances  shear  layer  growth  and  entrainment,  i.e.  large  structures 
augment  the  effect  of  swirl  and  vice  versa. 

A  more  dramatic  effect  occurs  as  the  swirl  number  exceeds  0.5,  which  represents  the  onset  of 
recirculation  bubble  in  the  jet  flow.  For  5  >0.5,  a  stagnant  region  develops  near  the  centerline 
due  to  the  reverse  flow  caused  by  adverse  pressure  gradient,  and  a  toroidal  recirculation  bubble 
appears.  Both  the  central  stagnation  region  and  recirculation  bubble  can  clearly  be  seen  from 
the  time-averaged  velocity  vector  plots  in  figure  6.  Also  notable  in  this  figure  is  the  presence  of 
a  secondary  recirculation  zone  for  5  =  0.75,  located  just  upstream  of  the  primary  recirculation 
bubble.  The  stagnation  region  and  reverse  flow  are  also  quite  evident  in  the  time-averaged  axial 
velocity  profile  for  5  =  0.75  given  in  figure  5.  In  addition,  as  noted  in  figure  6,  the  jet  shear 
layer  for  5  =  0.75  is  shifted  significantly  outward  in  the  radial  direction,  and  exhibits  a  highly 
dynamic  structure.  It  is  interesting  to  note  that,  while  at  subcritical  swirl  numbers  (5  <  0.5) 
toroidal  vortices  are  an  intrinsic  part  of  jet  dynamics,  their  existence  becomes  less  obvious  at 
supercritical  swirl  numbers  (5  >0.5).  Thus,  an  important  issue  to  be  addressed  here  pertains  to 
the  existence  and  nature  of  large  scale  structures  for  strongly  swirling  jets,  and  whether  the  tran- 
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Figure  3.  Snapshots  of  the  flow  field  for  a  swirling  jet  without  droplets  for  four  different  suirl  numbers. 
In  each  snapshot,  iso-temperaturc  contours  arc  plotted  on  the  right-hand  side  of  the  symmetric  jet,  and 
sireaklincs  on  the  left.  For  iso-tempcrature  contours,  the  red  and  purple  colors  represent  the  highest 
(1200  K)  and  the  lowest  (294  K)  temperatures,  respectively.  The  times  of  the  snapshots  are  0.21,  0.24, 
0.25,  0-2  s  for  5  0,  0.375.  0.5,  and  0.75,  respectively.. 
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Figure  4.  Frequency  spectra  of  axial  gas  velocity  for  a  swirling 
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Figure  5.  Axial  profiles  of  time-averaged  gas  velocity  and  temperature  for  a  swirling  jet  without  dro¬ 
plets  for  different  swirl  numbers.. 

sient  jet  behavior  can  be. attributed  to  these  structures.  One  may  argue  that  these  structures  get 
destroyed  due  to  the  rapid  decay  of  shear  and  increased  mixing  in  a  strongly  swirling  Jet.  Based 
on  an  extensive  visualization  of  the  swirling  jet  dynamics  for  S  -  0.75,  we  speculate  that  large 
vortex  structures  are  still  present,  though  their  behavior  is  markedly  different  from  those  for  the 
weakly  and  moderately  swirling  jets  (S  <  0.5).  The  vortex  structures  for  5  =  0.75  are  shifted 
outward  in  the  radial  direction  and  do  not  look  like  the  Kelvin-Helmholtz  vortex  rings  that  are 
typically  observed  in  a  transitional  jet.  However,  a  series  of  snapshots  (not  shown)  indicated 
that  they  do  exhibit  the  processes  of  roll-up  and  pairing  interactions,  though  in  a  significantly 
less  organized  manner.  The  snapshots  further  indicate  that  a  pair  of  counter-rotating  toroidal 
vortices  (an  outer  Kelvin-Helmholtz  type  vortex  rotating  clockwise  and  an  inner  vortex  rotating 
counter-clockwise;  the  latter  may  be  due  to  the  presence  of  central  stagnation  region)  is  gener¬ 
ated  periodically.  As  these  vortices  convect  downstream,  they  grow  in  size,  and  the  outer  struc¬ 
ture  rolls  around  the  inner  structure  since  the  latter  is  in  a  nearly  stagnant  region.  In  addition, 
both  outer  and  inner  vortices  undergo  pairing  interactions  with  other  (trailing)  outer  and  inner 
vortices,  respectively.  We  also  speculate,  based  on  the  flow  visualization  and  time-averaged 
velocity  vector  plots  shown  in  figure  6,  that  the  size  and  location  of  recirculation  bubble  is  deter- 
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mined  by  these  dynamic  swirl-vortex  interactions,  and  not  by  the  adverse  pressure  gradient 
(swirl  effect)  alone.  In  other  words,  due  to  the  effect  of  swirl,  the  outer  vortex  is  shifted  outward 
in  the  radial  direction,  and  its  subsequent  dynamics  as  well  as  those  of  the  inner  vortex  are 
determined  by  the  swirling  flow  field.  These  vortices  in  turn  play  a  major  part  in  determining 
the  location  of  recirculation  zone;  it  appears  that  the  recirculation  zone  is  established  at  a 
location  where  the  outer  vortex  structure  is  pulled  in  radially. 

3.1.  Two-phase  momentum  coupling  effects 

We  now  examine  the  effects  of  two-phase  momentum  coupling  on  the  dynamics  and  time- 
averaged  characteristics  of  a  droplet-laden  swirling  jet.  Droplets  of  a  given  size  are  injected  from 
the  nozzle  rim,  and  their  motion  is  followed  by  integrating  [2]  and  [3]  using  a  second-order 
Runge-Kutta  scheme.  At  low  mass  loadings,  the  effect  of  droplets  on  the  jet  dynamics  is 
negligible,  although  their  motion  and  concentration  field  are  strongly  influenced  by  the  rotating 
toroidal  vortices.  As  the  dispersed-phase  mass  loading  is  increased,  the  effects  due  to  the 
exchange  of  mass,  momentum,  and  energy  between  the  phases  become  increasingly  important. 
In  the  present  study,  a  nonevaporating  two-phase  jet  is  considered  in  order  to  isolate  momen¬ 
tum  coupling  effects  from  those  due  to  mass  and  energy  coupling.  These  effects  depend  on  sev¬ 
eral  parameters,  including  liquid-to-air  mass  loading  ratio  and  injection  characteristics  such  as 
initial  droplet  size,  location,  and  velocity.  For  the  present  study,  we  consider  mass  loading  of 
unityt  and  initial  droplet  diameter  of  100  jum,  with  the  droplets  injected  in  the  shear  layer  with 
axial  velocity  the  same  as  the  jet  velocity,  and  zero  radial  and  azimuthal  velocities.  Note  that 
the  choice  of  droplet  diameter  is  based  on  the  consideration  that  it  yields  a  Stokes  number  of 
near  unity  for  the  nonswirling  jet.  The  Stokes  number  here  is  defined  as  the  ratio  of  droplet 
response  time  to  a  characteristic  flow  time,  the  latter  based  on  the  dominant  vortex  frequency. 
Several  experimental  (Longmire  and  Eaton  1992)  and  numerical  studies  (Chung  and  Troutt 
1988;  Uthuppan  et  ai  1994;  Park  et  ai  1996)  have  shown  that  the  interaction  of  large  structures 
with  droplets  is  maximized  near  a  Stokes  number  of  unity. 

Flow  visualization  is  used  to  assess  qualitatively  the  effects  of  dispersed  phase  on  the 
dynamics  of  large-scale  structures  under  different  swirl  conditions.  In  the  following  discussion, 
case  A  refers  to  single-phase  jets,  while  case  B  refers  to  two-phase  jets.  Figure  7  depicts  repre¬ 
sentative  snapshots  of  the  flow  field  for  different  swirl  numbers.  For  these  results,  a  droplet 
group  is  introduced  every  tenth  computational  time  step,  and  the  computations  are  performed 
for  a  total  of  10,000  time  steps.  Thus,  there  are  1000  droplet  groups  for  the  two-phase  results 
shown  in  figure  7.  Comparison  of  the  snapshots,  for  nonswirling  {S  =  0)  single-phase  and  two- 
phase  jets,  given  in  figures  3  and  7,  respectively,  indicates  that  the  vortex  roll-up  location, 
dynamics,  and  pairing  interactions  are  strongly  modified  due  to  momentum  coupling.  In  ad¬ 
dition,  it  is  observed  that  for  the  two-phase  jet  (case  B),  the  vortex  structures  are  stronger  and 
entrain  more  low-speed  (colder)  fluid  compared  to  those  for  the  single-phase  jet  (case  A).  The 
comparison  of  snapshots  for  swirling  jets  also  indicates  a  significant  modification  of  vortex 
dynamics  due  to  the  momentum  coupling  effect.  For  low  to  moderate  swirl  numbers  (5  <  0.5), 
the  vortex  pairing  is  a  prominent  feature  of  jet  dynamics  for  case  A,  while  it  is  not  observed  for 
case  B.  For  the  strong  swirl  case  {S  =  0.75),  an  important  effect  of  two-phase  momentum 
coupling  is  a  drastic  reduction  in  the  size  of  recirculation  bubble,  even  though  the  central 
stagnation  region  still  exists.  This  can  be  seen  more  clearly  in  terms  of  time-averaged  velocity 
vector  plots  in  figure  11.  The  effect  of  momentum  coupling  on  the  time-averaged  structure  is 
discussed  in  the  following  section. 

The  above  observations  are  confirmed  by  obtaining  the  spectral  and  time-averaged  properties 
for  the  two  cases.  Figure  8  shows  the  time-history  of  gas-phase  axial  velocity  for  single-phase 
and  two-phase  jets  at  different  swirl  numbers.  Results  of  the  fast  Fourier  transform  of  these 
axial- velocity  histories  are  depicted  in  figures  4  and  9.  As  discussed  earlier,  for  single-phase  jets 
with  low  to  moderate  swirl  numbers  (5  <  0.5),  processes  of  shear  layer  roll-up  and  vortex  for¬ 
mation  are  well  organized.  In  addition,  the  roll-up  frequency  increases  and  pairing  interactions 


tin  an  earlier  study  (Aggarwal  et  al.  1996)  it  was  shown  that  at  unity  mass  loading,  two-phase  momentum  coupling  has 
a  significance  influence  on  the  jet  dynamics  and  structural  characteristics. 
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Figure  7.  Snapshots  of  the  flow  field  for  a  swirling  jet  with  droplets*  In  each  snapshot,  iso- temperature 
contours  are  plotted  on  the  right-hand  side  of  the  symmetric  jet,  and  streaklines  on  the  left*  For  iso- 
temperature  contours,  the  red  and  purple  colors  represent  the  highest  (1200  K)  and  the  lowest  (294  K) 

temperatures,  respectively.* 
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Figure  8.  Time  history  of  gas-phase  axial  velocity  for  single-phase  and  two-phase  jets  with  diiferent 

swirl  numbers.. 


become  more  prominent  as  the  swiri  number  is  increased.  These  results  are  quite  evident  in 
figure  4;  the  roll-up  frequencies  are  64,  72,  and  80  Hz  for  5  =  0,  0.375,  and  0.5,  respectively. 
Also  noteworthy  in  figure  4  are  the  first  and  second  pairing  interactions  at  frequencies  of  36  and 
18  Hz  respectively,  for  S  =  0.375,  and  at  40  and  20  Hz  respectively,  for  S  =  0.5.  In  contrast,  for 
the  corresponding  two-phase  jets  (case  B),  the  shear  layer  dynamics  are  relatively  less  organized, 
and  the  roll-up  frequency  decreases  and  becomes  independent  of  the  swirl  number.  As  indicated 
in  figures  8  and  9,  the  roll-up  frequency  is  50  Hz  for  5  =  0,  0.375,  and  0.5.  Another  important 
observation  from  figure  9  is  the  absence  of  pairing  interactions  for  case  B,  which  is  also  evident 
in  figure  7.  This  is  attributable  to  the  fact  that  the  interphase  momentum  coupling  modifies  the 
distribution  of  swirl  intensity  in  the  axial  direction,  resulting  in  a  decrease  of  adverse  pressure 
gradient  and  jet  spreading  angle.  As  noted  earlier,  the  adverse  pressure  gradient  caused  by  swirl 
is  responsible  for  the  enhanced  vortex  pairings  in  single-phase  jets.  For  corresponding  two-phase 
jets,  there  is  a  transfer  of  azimuthal  momentum  from  the  gas  phase  to  the  droplets,  which 
reduces  swirl  intensity  near  the  nozzle.  Further  downstream,  however,  the  momentum  is  trans- 
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Figure  9.  Frequency  spectra  of  axial  gas  velocity  for  a  swirling  jet  with  droplets  for  different  swirl  num- 
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ferred  from  droplets  to  gas  phase,  increasing  the  gas-phase  swirl  intensity.  The  resulting  redistri¬ 
bution  of  swirl  intensity  reduces  the  adverse  pressure  gradient  for  the  two-phase  jet.  This  was 
confirmed  by  plotting  the  time-averaged  azimuthal  velocity  contours  (not  shown)  and  axial  vel¬ 
ocity  vectors,  shown  in  figure  11.  As  a  consequence,  the  vortex  pairing,  which  is  prominent  fea¬ 
ture  of  moderately  swirling  (S  <  0.5)  single-phase  jets,  is  not  observed  for  corresponding  two- 
phase  jets. 

3.2.  Momentum  coupling  effect  on  the  time-averaged  jet  structure 
The  effect  of  two-phase  momentum  coupling  on  the  time-averaged  jet  behavior  is  depicted  in 
figures  10  and  11.  In  figure  10,  the  time-averaged  axial  gas  velocity  and  temperature  are  plotted 
along  the  jet  centerline,  while  figure  1 1  shows  the  time-averaged  velocity  vectors  for  different 
swirl  numbers.  The  important  observation  from  these  results  is  that,  at  a  mass  loading  of  unity, 
the  dispersed  phase  significantly  modifies  the  time-averaged  structure  of  the  jet  shear  layer,  and 


-  S=0  (single-phase)  - 1 -  S=0  (two-phase) 

- S=0.375  (single-phase) - \ - S=K).375  (two-phase) 

.  S=0.5  (single-phase)  . 1 .  S=0.5  (two-phase) 


TWO-PHASE.  NON  EVAPORATING  SWIRLING  JET 


315 


the  degree  of  modification  depends  on  the  swirl  intensity.  For  the  nonswiriing  jet  (S  =  0),  as  the 
shear  layer  develops,  the  gas-phase  velocity  decreases  along  the  centerline.  Since  the  droplets  are 
injected  at  the  jet  velocity,  they  now  have  higher  velocity  than  the  gas  phase,  resulting  in  a 
transfer  of  momentum  from  the  dispersed  phase  to  the  gas  phase.  This  seems  to  enhance 
the  shear  layer  instability,  resulting  in  enhanced  mixing  and  entrainment  of  colder  fluid,  as 
evidenced  by  a  faster  decay  of  centerline  temperature  and  velocity  for  the  two-phase  jet  com¬ 
pared  to  those  for  the  single-phase  jet.  This  effect  is  modified  significantly  by  the  introduction  of 
swirl.  As  noted  earlier,  the  addition  of  swirl  (5  =  0.375)  to  a  single-phase  jet  causes  a  faster 
decay  of  the  centerline  velocity  (compared  to  a  nonswirling  jet),  resulting  in  vortex  pairing.  This 
leads  to  enhanced  mixing  and  entrainment  of  colder  fluid  into  the  shear  layer;  note  a  sharp 
increase  in  the  rate  of  decrease  of  centerline  velocity  near  an  axial  location  of  120  mm  for  the 
single-phase  jet.  For  the  corresponding  two-phase  jet,  the  transfer  of  azimuthal  momentum  from 
the  gas  phase  to  droplets  reduces  the  swirl  intensity  near  the  nozzle.  This  initially  (z  <  120  mm) 
causes  a  faster  decay  of  centerline  velocity  for  the  two-phase  jet  compared  to  that  for  the  single- 
phase  jet.  Further  downstream,  however,  the  direction  of  azimuthal  momentum  transfer  is 
reversed,  resulting  in  a  slower  decay  of  centerline  velocity  for  the  two-phase  jet.  In  addition,  the 
absence  of  vortex  pairing  for  two-phase  jet  further  reduces  the  rate  of  decay  of  centerline 
velocity.  Consequently,  the  centerline  velocity  of  two-phase  jet  becomes  higher  than  that  of 
single-phase  jet  for  z>120mm.  The  absence  of  vortex  pairing  also  results  in  reduced  mixing 
and  entrainment  for  the  two-phase  jet.  Consequently,  as  indicated  in  figure  10(b),  the  centerline 
temperature  decreases  less  rapidly  for  the  two-phase  jet. 

The  above  effects  become  progressively  stronger  as  the  swirl  number  is  increased. 
For  S  —  0.5,  as  shown  in  figure  10(a),  the  centerline  velocity  of  single-phase  jet  first  decreases 
quite  rapidly  due  to  the  combined  effects  of  shear  layer  growth,  adverse  pressure  gradient,  and 
vortex  pairings,  and  then  (z>100mm)  increases  due  to  the  transfer  of  axial  momentum  in  the 
radial  direction;  see  also  figure  6.  For  the  corresponding  two-phase  jet,  the  centerline  velocity 
decreases  much  less  rapidly,  again  due  to  the  reduced  pressure  gradient  and  the  absence  of 
vortex  pairings.  The  centerline  temperature  also  decreases  slowly  for  the  two-phase  jet,  again 
implying  reduced  mixing  and  entrainment  due  to  the  momentum  coupling  effect.  Another  effect 
of  momentum  coupling  is  seen  from  the  comparison  of  time-averaged  velocity  vectors  for  single¬ 
phase  and  two-phase  jets  given  in  figures  6  and  1 1 ,  respectively.  The  comparison  of  these  figures 
shows  that,  due  to  the  momentum  transfer  from  droplets  to  gas  phase  in  the  jet  shear  layer, 
the  jet  width  is  decreased  and  the  potential  core  is  lengthened  for  the  swirling  two-phase  jet. 
The  effect  becomes  more  distinguishable  for  S  —  0.5  and  0.75,  where  the  momentum  coupling 
generates  a  curtain  (or  envelope)  of  high-velocity  narrow  region  inside  the  shear  layer.  An  im¬ 
portant  consequence  of  this  high-velocity  curtain  is  the  near  disappearance  of  the  stagnation 
region  for  swirling  two-phase  jet  for  S  =  0.5,  and  that  of  recirculation  bubble  for  S  =  0.75.  The 
presence  of  a  large  recirculation  bubble  is  perhaps  the  most  distinguishing  feature  of  a  strongly 
swirling  (S  ~  0.75)  single-phase  jet;  see  figures  3  and  6.  For  the  corresponding  two-phase  jet, 
our  results  indicate  that  the  recirculation  bubble  becomes  nearly  non-existent,  even  though  the 
central  stagnation  and  reverse  flow  regions  still  exist  inside  the  high-velocity  curtain.  The  disap¬ 
pearance  of  recirculation  bubble  for  the  strongly  swirling  case  may  be  attributed  to  the  momen¬ 
tum  coupling  effect,  i.e.  the  transfer  of  various  momentum  components  between  the  phases. 
Initially,  there  is  a  transfer  of  swirl  momentum  from  the  gas  phase  to  dispersed  phase,  causing 
swirling  intensity  to  decrease  much  more  rapidly  for  two-phase  jet  (case  B)  compared  to  that  for 
single-phase  jet  (case  A).  At  some  downstream  location,  however,  the  direction  of  azimuthal 
momentum  transfer  reverses,  since  droplets  have  higher  momentum  there.  Secondly,  the  jet 
spreading  rate  is  reduced  for  case  B  due  to  the  radial  momentum  transfer  from  the  gas  phase  to 
the  dispersed  phase.  In  addition,  there  is  a  reverse  transfer  of  axial  momentum,  i.e.  from  the 
dispersed  phase  to  gas  phase,  since  the  gas-phase  axial  velocity  decreases  more  rapidly  than  that 
of  dispersed  phase,  generating  the  high-velocity  curtain  mentioned  earlier.  All  of  these  effects, 
i.e.  reduced  entrainment,  more  rapid  decay  of  swirl  velocity  initially,  and  increase  of  gas 
velocity,  lead  to  a  near  disappearance  of  the  recirculation  bubble  for  the  strongly  swirling  two- 
phase  jet.  Consequently,  for  strongly  swirling  jets  (5  >0.5),  the  jet  spreading  angle,  shear  layer 
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growth  and  entrainment  are  reduced  significantly  due  to  the  effect  of  interphase  momentum 
coupling. 


4.  CONCLUSIONS 

In  this  paper,  we  have  investigated  the  effects  of  swirl  and  two-phase  momentum  coupling  on 
the  dynamics  and  structural  behavior  of  a  droplet-laden  swirling  jet.  A  direct  numerical  solver 
based  on  an  Eulerian-Lagrangian  formulation,  but  without  any  turbulence  or  subgrid  model, 
has  been  employed  to  simulate  the  transient  behavior  of  a  transitional  swirling  jet.  Numerical 
results  have  been  shown  to  be  grid-independent  both  in  terms  of  the  global  predictions  and  the 
detailed  spatio-temporal  profiles  of  relevant  gas-phase  profiles  at  different  swirl  numbers.  In  ad¬ 
dition,  the  predicted  Strouhal  number  associated  with  the  large-scale  structures  for  the  non-swir¬ 
ling  jet  has  been  shown  to  be  in  agreement  with  the  available  experimental  data.  Then,  a 
detailed  flow  visualization  based  on  numerical  simulation  has  been  used  to  examine  the 
dynamics  of  large  scale  structures  and  their  interactions  with  the  droplets  in  weakly  and  strongly 
swirling  jet  shear  layers.  In  addition,  the  effects  of  swirl  and  dispersed  phase  on  the  time- 
averaged  jet  structure  have  been  characterized.  Important  observations  are  as  follows. 

Results  for  single-phase  swirling  jets  indicate  that  the  dynamics  of  large  scale  structures  are 
strongly  affected  by  the  degree  of  swirl  imparted  to  the  incoming  jet.  For  low  and  intermediate 
swirl  intensities,  the  vortex  rings  roll  up  closer  to  the  nozzle  exit,  their  frequency  increases,  and 
pairing  interactions  become  progressively  stronger  as  the  swirl  number  is  increased.  For 
example,  there  is  one  weak  vortex  merging  near  z/Z)  =  6  for  the  nonswirling  jet,  and  two  vortex 
mergings  near  zjD  =  3  and  5  for  5  =  0.375,  while  for  S  =  0.5  the  vortex  mergings  become 
stronger  and  occur  near  zjD  =  2  and  3,  respectively.  Consequently,  the  interaction  of  vortex 
rings  with  the  swirling  flow  field  gives  rise  to  a  mechanism,  which  seems  to  be  responsible  for 
the  enhanced  shear  layer  growth  and  entrainment,  and  has  not  been  observed  in  previous 
studies.  This  may  be  an  important  result,  with  the  implication  that  the  addition  of  moderate 
swirl  to  a  transitional  jet  modifies  its  vortex  dynamics  in  a  way  that  further  enhances  the 
beneficial  effects  of  both  swirl  and  vortex  structures  on  shear  layer  growth.  For  a  strongly 
swirling  jet,  the  presence  of  a  central  stagnant  zone  and  recirculation  bubble  causes  a  drastic 
increase  in  the  jet  spreading  angle,  and  this  has  a  rather  dramatic  effect  on  vortex  dynamics. 
Detailed  visualization  of  the  shear  layer  dynamics  indicates  that,  as  the  shear  layer  is  shifted 
radially  outward,  a  pair  of  counter-rotating  toroidal  vortices  is  generated  periodically,  and  the 
eventual  shear  layer  structure,  including  the  location  of  recirculation  bubble,  is  determined  by 
the  dynamic  interactions  of  these  structures  with  the  stagnant  zone  and  recirculation  bubble. 

Results  for  the  two-phase  swirling  jet  indicate  that  at  a  mass  loading  ratio  of  unity,  the  jet 
dynamics  and  structural,  characteristics  are  strongly  modified  by  the  interphase  momentum 
coupling.  Depending  upon  the  amount  of  swirl  imparted  to  the  jet,  the  momentum  coupling  can 
cause  varied  and  in  some  cases  dramatic  effects  on  the  dynamic  and  time-averaged  jet  structure. 
For  a  nonswirling  jet,  the  momentum  coupling  alters  the  dynamics  of  large  vortex  structures, 
modifying  their  roll-up  location  and  frequency,  and  causing  enhanced  mixing  and  entrainment 
of  colder  fluid  into  the  shear  layer.  In  contrast,  for  weakly  and  moderately  swirling  jets,  the 
momentum  coupling  reduces  the  amount  of  adverse  pressure  gradient,  and  suppresses  the  vortex 
pairing  interactions.  These  effects  are  caused  by  the  redistribution  of  gas-phase  axial,  radial,  and 
swirl  momentum  components  due  to  the  dispersed  phase,  and  lead  to  significantly  reduced  shear 
layer  growth,  mixing  and  entrainment  rates  for  two-phase  jets  compared  to  those  for  single¬ 
phase  jets.  In  addition,  the  correlation  between  vortex  frequency  and  swirl  number  is  modified 
due  to  momentum  coupling.  For  example,  the  dominant  vortex  frequency  of  single-phase  jets 
increases  with  increasing  swirl  number,  while  that  of  two-phase  jets  appears  to  be  independent 
of  5. 

At  high  swirl  numbers  (S>0.5),  the  effects  of  momentum  coupling  on  the  jet  structure 
appears  to  be  even  more  dramatic  compared  to  those  at  moderate  swirl  numbers.  Results  for 
S  =  0.75  indicate  that  momentum  coupling  can  significantly  modify  the  rate  of  decay  of  swirl 
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intensity,  and  increase  the  gas  axial  momentum  in  the  jet  shear  layer,  leading  to  a  dramatic 
reduction  in  the  size  of  recirculation  bubble. 
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ABSTRACT 

A  numerical  model  featuring  the  use  of  a 
composite  grid  system  has  been  developed  for  studying 
the  transport  phenomena  of  liquid  droplets  in 
combustion  systems.  The  composite  grid  system 
consists  of  1)  Eulerian-type  volume  grids,  which  are 
fixed  in  space  and  time,  for  tracking  the  movement  of 
droplet  surfaces  and  2)  adaptive  Lagrangian-type  surfece 
grids,  which  vary  in  space  and  time,  for  handling  the 
mass  and  heat-transport  processes  at  the  interfaces-  The 
scheme  of '"Level  Set”  implemented  in  the  model  not 
only  provides  a  systematic  mathematical  representation 
of  droplet  surfaces  controlled  by  the  underlying  flow 
fields  but  also  properly  redistributes  the  highly 
concentrated  surfece  force  (due  to  surface  tension)  within 
a  thin  finite  region.  Several  examples  presented  to 
demonstrate  the  present  model  involve  the  processes  cf 
head-on  collision  between  two  droplets  under  three 
different  flow  conditions  (isothermal,  evaporating-only, 
and  combusting).  The  result  of  two  types  of  collision 
(coalescent  and  bouncing)  are  discussed,  along  with  the 
distributions  of  flow  variables  at  the  droplet  surfaces. 

INTRODUCTION 

In  combustion  systems,  the  way  a  spray  bums 
depends  on  the  specific  goal.  In  efforts  to  develop  a 
useful  tool  for  modeling  complicated  spray  phenomena, 
each  method  of  burning  poses  a  different  problem.  In  a 
prevaporizing  system,  the  spray  is  injected  into  the 
heated  air  stream  where  the  droplets  almost  completely 
evaporate  before  reaching  the  flame.  Because  the  spray 
injected  upstream  of  the  system  contains  a  large  number 
of  droplets  having  dijBferent  sizes,  temperatures,  and 
velocities,  the  interaction  among  these  droplets  plays  an 
important  role  in  determining  the  characteristics  and 
performance  of  combustion  downstream. 
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In  the  past,  the  numerical  methods  for  solving 
two-phase  droplet  problems  basically  have  been  placed 
in  two  different  categories-  Eulerian-type  [e.g.,  Ref.  1] 
and  Lagrangian-type  [e.g..  Ref.  2]  approaches, 
depending  mainly  on  the  characteristics  of  the  grid 
structures  for  representing  the  interfaces  between  the  two 
phases.  In  the  Eulerian  approach,  all  computational 
grids  are  fixed  in  space  at  all  times,  and  a  mathematical 
function  in  terms  of  the  volume  grids  is  defined  to 
represent  the  topology  of  the  interfaces  numerically. 
Since  in  the  Eulerian  approach  the  grid  nodes  do  not 
always  coincide  with  the  droplet  interfaces,  the  local 
transport  phenomena  that  occur  at  the  interfaces  are  very 
difficult  to  evaluate  numerically  by  the  surrounding 
volume-averaged  flow  variables  alone.  The  local 
characteristics  of  the  surface  transport  loss  significantly 
through  the  averaging  process.  On  the  other  hand,  in 
the  Lagrangian  approach,  the  computational  grids  are 
always  defined  at  the  droplet  interfaces  to  avoid  the 
smoothing  problem  of  the  local  properties  by  averaging. 
However,  the  changes  of  grid  locations  in  space  and 
time  impose  a  difficult  and  tedious  task  in  attempts  to 
track  these  grids  accurately,  particularly  when  interface 
coalescence  among  droplets  occurs  during  collision. 
The  numerical  difficulty  for  each  approach  mentioned 
above  can  be  avoided  by  combining  the  two  types  cf 
structures  into  a  single  composite  grid.  With  the  usual 
volume  grids  fixed  in  space  and  time,  a  new  set  cf 
additional  grids  (surfece  grids)  are  superimposed  to 
provide  a  clearer  outline  on  the  topology  of  the  droplet 
surfaces.  The  primary  function  of  the  fixed  volume  grids 
will  be  used  to  trace  the  movement  of  droplets;  and  the 
superimposed  surface  grids  will  be  utilized  when  the 
calculations  of  local  transports  on  mass  and  energy  are 
desired. 

The  mathematical  formulations  of  the  present 
model  and  the  proposed  composite-grid  structure  will 
be  explained  in  the  next  section.  Several  examples 
based  on  this  new  model  will  also  be  presented 
including  simulation  results  and  distributions  of  flow 
variables  along  the  surface  grids  that  outline  the  droplet 
interfaces. 

MATHEMATICAL  FORMULATION 
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Governing  Equations 

For  the  droplet  system  modeled,  the  fluids  of  both 
phases  (gaseous  and  liquid)  will  be  treated  as  a  single 
fluid  having  two  significantly  different  properties 
separated  by  an  interface  that  is  infinitesimally  thin. 
The  governing  equations  for  the  defined  one-fluid 
system  can  be  expressed  as  follows: 

Continuity  equation: 


i5£=_«£I=_v. 

p  Dt  ^  Dt 


Momentum  equation: 


(1) 


p  ^  ^  y .  V2  +  j  +  Fr^^pg 

+  We~^  J  -  %)ndA 
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Energy  equation: 
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Species  equation: 


concentration).  The  thermophysical  properties 
p,  p,  Cp,  A,  P  denote  density,  viscosity, 

specific  heat,  thermal  conductivity,  the  molecular- 
diffusion  coefficient  of  species  k,  and  the  thermal 
expansion  coefficient,  respectively.  The  variables  and 
properties  defined  on  the  gas-liquid  interface  are  (7  (the 
surface  tension),  (the  surface  energy),  K  (the 
curvature  of  interface)  (the  mass  evaporation  rate  cf 

the  droplet)  and  (the  latent  heat  of  the  evaporation  at 

reference  temperature).  It  is  important  to  include  in 
the  energy  equation  to  prevent  violation  of  the  second 
law  of  thermodynamics  in  evaporation  systems  [3].  % 
is  related  to  O’  by  a  surface  constitutive  relationship. 
The  evaporation  rate  at  the  interface,  (»v,  is  determined 
by  applying  chemical-equilibrium  conditions  while 
solving  the  species  equation.  The  one  step  simplified 
reaction  mechanism  given  by  Westbrook  [4]  for  the 
oxidation  of  Hydrocarbon  fuels  will  be  used  to  provide 
the  calculation  of  . 

“Level  Sef’  Approach 

In  solving  these  equations  numerically,  difficulties 
arise  because  of  the  locality  of  surfece  transports 
(momentum,  energy,  and  mass)  that  appear  as  the 
integral  terms  in  the  governing  equations.  The  “Level 
Set”  approach  developed  by  Sussman  et  al.  [5]  was 
adopted  to  reformulate  these  local  quantities  in  such  a 
way  that  they  can  be  properly  and  smoothly 
redistributed  over  a  region  having  finite  thickness.  If  ^ 
is  defined  as  a  fimction  that  measures  the  normal 
distance  fi*om  the  interface,  the  surfece  integral  terms  in 
Eqs.  (2)-(4)  can  be  rearranged  as  follows: 

J  aK5(x-Xs)ndA  =  (yK(()>)5(^)V^ 

s 

J  aK[  5(x  —  x^)n'U  ]dA  =  CK(  (l>)S{<pXV(p‘u) 

s 

J  S(x-Xs)<»k‘^  =  5(<l>)o»k{il>) 

s 


p^  =  y-(pDkVY^)+at+ja,5(x-xJdi  (4) 

S 

The  variables  in  these  equations  are  normalized; 
and  the  non-dimensional  parameters 
Re,  Pr,  Sc,  Fr,  JVe,  and  Le  represent  Reynolds, 
Prandtl,  Schmidt,  Frondle,  Weber,  and  Lewis  numbers, 
respectively.  The  integral  terms  represent  the  transport 
of  mass,  momentum,  and  energy  exerted  only  on  the 
interfaces  (denoted  by  3c^),  The  flow  variables  required 
to  solve  Eqs.  (1)  -  (4)  are  u  (the  velocity  vector),  p 
(the  pressure),  T  (the  temperature)  and  Yj^  (the  species 


The  distance  fimction  is  assumed  to  be  positive  in 
the  liquid  phase  and  negative  in  the  gaseous  phase.  All 
of  the  surface  variables  and  properties  have  a  value  of 
zero  outside  the  interface  region  defined  by  <p.  For 
tracking  the  interface  movement  due  to  flow  convection 
and  droplet  evaporation,  the  function  (j>  is  solved  using 
the  following  equation: 


dt  dt 


(5) 
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where  S<!)(o&^)/  St  is  the  change  rate  of  ^  as  a  result 
of  evaporation. 

Numerical  Schemes 

The  numerical  scheme  chosen  for  this  study  is  a 
finite-volume  method  based  on  the  ALE  (Arbitrary 
Lagrangian-Eulerian)  grid  system.  By  coupling  this 
scheme  and  the  concept  of  split  velocity  [6],  the  parasite 
currents  resulting  from  the  locality  of  the  surfece  force 
are  minimized  to  prevent  instability  and  also  to  ensure 
the  mass  conservation  of  droplets.  An  accurate 
accounting  of  the  surface-tension  term  of  Eq.  (2)  for  this 
numerical  method  required  modification  of  the 
formulation  for  the  split  velocity  to  incorporate  the 
surface  force  with  the  pressure  force.  Figure  1  illustrates 
the  concept  of  using  split  velocity  in  this  numerical 
method.  The  pressure  and  the  distance  function  of  <j) 
are  defined  at  the  center  of  the  cell;  and  the  remaining 
variables  (including  velocity  vector  and  the  other  scalar 
variables)  are  defined  at  the  comers  of  the  cell.  The  split 
velocities  on  four  sides  of  each  velocity  node  were  used 
to  satisfy  the  continuity  equation,  which  is  crucial  in 
avoiding  the  mass  loss  of  droplet  due  to  numerical 
inaccuracy.  In  the  mean  time,  these  split  velocities  are 
used  to  discretize  the  interface-tracking  equation  [Eq. 
(5)]  to  ensure  the  mass  conservation. 

With  the  implementation  of  split  velocity  in  this 
model,  the  surfece-force  term  in  Eq.  (2)  must  be 
rearranged  to  couple  with  the  pressure-force  term  for  the 
purpose  of  reducing  the  effects  of  “parasite  currents.” 
The  procedure  is  expressed  as  follows: 

-Vp + aK((l>  )d((l>)V<l> 

^^Vp^aK(<l>)7H((t» 

(0) 

=  -  aK((j>)H(<l>)J  -  aH((l>)VK((P) 

Where  H((\> ;  is  the  Heavside  function  derived  fixjm  the 
delta  function.  Note  that  the  newly  defined  pressure  ^ 
will  be  solved  instead  of  the  normal  pressure  p ,  A 
second-order  upwind  scheme  was  applied  to  discretize 
the  convection  term  in  Eq.  (2)  for  eliminating  excess 
numerical  diffusion.  Because  of  the  large  density 
gradient  across  the  interface  in  a  two-phase  system,  a 
fully  multigrid  method  coupled  with  a  MSIP  (Modified 
Strongly  Implicit  Procedure)  iteration  technique  was 
employed  to  solve  the  pressure  field  efficiently. 

Structure  of  Composite  Grid 

Once  the  distance  function  is  determined  from 
Eq.  (5),  the  adaptive  surface  grids  can  be  constructed  by 
finding  the  locations  (by  extrapolation)  along  the  cell 
boundaries  where  the  value  of  ^  is  zero  (see  Fig.  2). 


Figure  1.  Schematic  illustration  of  ALE  formulation 
with  split  velocity. 


For  the  grids  shown  in  Fig.  2,  the  lines  connecting  two 
velocity  nodes  are  defined  as  the  primary  boundaries; 
and  the  lines  connecting  two  pressure  nodes  are  defined 
as  the  auxiliary  boundaries.  The  surface  grids  on  both 
primary  and  auxiliary  boundaries  are  selected  to  achieve 
more  accurate  representation  of  the  droplet  surfaces.  The 
primary  surface  grids  (a,  c,  e,  and  f  in  Fig.  2)  on  the 
primary  boundaries  will  be  designated  as  part  of  the 
computational  grids  during  solution  of  the  transport 
equations  [Eqs.  (SK^)];  but  the  flow  variables  of  the 
auxiliary  surface  grids  (b  and  d  in  Fig.  2)  on  the 
auxiliary  boundaries  will  be  evaluated  through 
extrapolation  from  two  neighboring  surfrce  (primary  or 
auxiliary)  grids.  The  sutfece  matching  boundary 
conditions  (energy  and  mass  balance)  were  applied  only 
to  the  primary  surfece  grids.  Since  the  neighboring 
nodes  around  a  primary  surfece  grid  are  not  orthogonal 
to  each  other,  coordinate  transformation  was  performed 
to  derive  the  following  generalized  formulations  fcr 
mass  and  energy  balances  at  the  primary  surface  grids: 

Energy  balance: 

Mass  balance:  «v  =  fs 

where  g  is  the  normal  heat  flux  of  the  gaseous  phase 
at  the  interfrice;  normal  heat  flux  of  the  liquid 

phase  at  the  interface;  and  is  the  fuel  concentration 
at  the  interface. 

MODELING  RESULTS 

The  numerical  model  based  on  the  composite-grid 
system  will  be  demonstrated  by  presenting  simulation 
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§  *  p’  (j) 

Figure  2,  Structure  of  composite  grids 

results  for  coalescent  and  bouncing  droplets  (Figs.  3 
and  4),  which  involve  head-on  collision  between  two 
identical  droplets  under  three  different  flow  conditions 
(isothermal,  evaporating-only  and  combusting).  For 
bouncing  droplets  (see  Fig.  3),  interface  coalescence 
never  occurs,  and  &e  two  droplets  bounce  back  in 
opposite  direction  after  collision.  For  coalescent 
droplets  (see  Fig.  4),  the  two  droplet  interfeces  coalesce 
at  a  certain  time  when  the  clearance  between  two 
droplets  reaches  a  critical  value  and  eventually  merge 
and  become  a  singe  droplet  after  collision.  Readers  who 
are  interested  in  the  numerical  study  of  collision 
dynamics  between  droplets  can  refer  to  Ref.  7.  For  both 
cases,  the  two  droplets  initially  have  a  diameter  of  0.3 
mm.  The  incoming  velocity  of  the  droplet  is  0.32  m/s 
in  the  bouncing  case  and  0.62  m/s  in  the  coalescent 
case.  Three  different  surrounding  flow  conditions  are 
presented  (1)  isothermal  (room  temperature  at  300  K); 
(2):  evaporating-only  (hot  surrounding  air  is  at  a 
temperature  of  1000  K);  and  (3):  combusting  condition. 
In  both  figures,  the  contours  shown  in  (2)  and  (3)  are 
temperature  distributions,  with  the  range  being  from 
300  to  1000  K  in  (2)  and  300  to  2200  K  in  (3). 
Basically,  the  collision  dynamics  under  three  different 
flow  conditions  are  almost  identical,  but  the  coalescence 
or  the  bouncing  timing  may  differ  somewhat. 

CONCLUSIONS 


A  numerical  method  based  on  the  finite-volume 
scheme  coupled  with  the  composite-grid  system  was 
introduced  for  modeling  complicated  dynamics  and 
transport  phenomena  in  two-phase  spray  systems.  The 
model  applies  the  concept  of  “level  set”  and  “split 
velocity”  to  resolve  the  topological  variations  of  the 
droplet  surfaces  and  also  to  ensure  that  the  mass  loss  cf 
droplets  due  to  numerical  inaccuracy  is  minimal.  In  the 
mean  time,  the  composite  grid  coupled  with  the 
additional  surface  grids  provides  accurate  information  on 
the  orientation  of  the  droplet  surface,  which  is  critical  in 
determining  the  correct  transport  fluxes  of  mass  and  heat 
across  the  interfaces.  This  study  of  droplet  collisions 
was  conducted  to  illustrate  the  application  of  the  present 
model  under  various  flowing  conditions. 
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(2)  Evaporation-only  flow  condition 


(3)  Combusting  flow  condition 

Figure  3,  Sequences  of  simulations  for  droplet  collision  at  a  relative  velocity  of  0.64  m/s; 
t=  (a)  0;  (b)  0.26;  (c)  0.52;  (d)  0.78;  (e)  1.04;  (f)  1.30  ms. 


5 

1120 


(3)  Combusting  flow  condition 

Figure  4.  Sequences  of  simulatimis  for  droplet  collision  at  a  relative  velocity  of  1 .24  m/s; 
t=  (a)  0;  (b)  0.34;  (c)  0.68;  (d)  1.02;  (e)  1.36;  (f)  1.70  ms. 


6 

1121 


AIAA  99-3319 


NUMERICAL  MODELING  OF  COLLISION  BETWEEN 
TWO  DROPLETS 


Long  P.  Chin 

Air  Force  Research  Laboratory 
Wright-Patterson  AFB 
Dayton,  OH  45433-7103 


14th  Computational  Fluid  Dynamics 

Conference 

28  June  - 1  July,  1999  /  Norfolk,  VA 


For  permission  to  copy  or  republish,  contact  the  American  institute  of  Aeronautics  and  Astronautics 
1801  Alexander  Bell  Drive,  Suite  500,  Heston,  VA  20191 


NUMERICAL  MODELING  OF  COLLISION  BETWEEN  TWO  DROPLETS 


Long  P.  Chin* 

Air  Force  Research  Laboratory 
Wright-Patterson  AFB,  Dayton,  OH  45433-7103 


ABSTRACT 

The  collision  between  two  liquid  droplets  (head-on  and  off-center)  has  been  studied  numerically.  The  technique  of 
“Level  Set*’,  which  identifies  the  interfaces  between  two  phases,  was  applied  to  solve  the  fluid  motion  both  inside  and 
outside  the  droplets  based  on  a  3-D  finite  volume  scheme  incorporated  with  the  ALE  grid  system.  The  various  modes  of 
collision  results  observed  in  the  experiments  by  Jiang  et  al.  [I]  are  correctly  predicted  in  a  wide  range  of  droplet  Weber 
number  {We)  and  Reynolds  number  ( Re ).  To  simulate  the  dynamics  of  droplet  collision  properly,  a  predetermined  time 
for  interface  coalescence  is  required  to  be  accurately  implemented  in  the  numerical  process  and  is  found  to  have  significant 
impact  on  the  collision  results.  The  collision  dynamics  is  further  studied  by  examining  the  energy  balance  and  mode  shift 
(between  kinetic  energy,  surface  energy,  viscous  dissipation,  and  works  by  surface  force)  during  the  entire  period  of 
collision. 


INTRODUCTION 

Droplet  dynamics  in  various  spray  systems  is  an 
interesting  and  important  research  topic  in  the  field  of 
combustion  modeling.  Because  of  the  dense  nature  of  the 
droplet  ensemble  in  the  region  downstream  of  the  nozzle 
injectors,  strong  interactions  between  droplets  prior  to 
combustion  are  expected  to  modify  the  distributions  of 
droplets  with  regard  to  size,  velocity,  and  number  density 
significantly.  To  obtain  detailed  information  to  aid  the 
understanding  of  the  physical  processes  involved  in 
droplet  interactions,  a  simple  and  fundamental  study  was 
conducted  on  the  collision  behavior  of  two  spherical 
droplets. 

In  the  past,-  numerous  experiments  have  been 
conducted  to  study  the  dynamics  of  droplet  collision  in 
various  ranges  of  size  and  velocity  [1-4],  From  these 
experiments  some  generalized  collision  outcomes  have 
been  observed  and  categorized.  A  study  by  Jiang, 
Umemura  and  Law  [1]  reported  that  four  different  modes 
resulting  from  the  collision  between  equal-sized 
hydrocarbon  droplets  are  identified  for  either  head-on  or 
off-center  arrangement.  Depending  on  the  Weber  number 
( We )  and  impact  parameter  ( R),  the  collision  results 
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between  droplets  could  be  bouncing,  coalescence, 
separation  or  shattering.  However,  in  the  same  range  of 
study,  only  two  modes  were  observed  for  the  water 
droplets. 

When  two  droplets  approach  each  other  prior  to 
impact,  a  thin  fluid  layer  with  high  pressure  is  established 
between  them.  This  thin  fluid  layer  provides  a  resistance 
to  keep  the  interfaces  of  two  droplets  separate  for  a  period 
of  time  without  merging.  However,  when  the  thickness  of 
this  thin  fluid  layer  between  droplets  reaches  below  a 
critical  value  that  is  within  the  range  of  the  intermolecular 
forces  of  the  fluid  [1],  the  two  droplets  may  coalesce  to 
form  a  single  droplet.  The  determination  of  when  or 
whether  this  critical  clearance  value  can  be  readied  undCT 
different  flow  conditions  become  very  critical  for  deciding 
the  dynamic  characteristics  of  droplet  collision. 

The  phenomenon  of  critical  clearance  between 
colliding  droplets  imposes  a  very  difficult  problem  for  the 
numerical  modeling  because  the  critical  clearance  value  (in 
the  order  of  10^  A)  of  coalescence  is  much  smaller  than 
the  resolution  employed  for  the  most  numerical  schemes 
used  today.  It  will  be  impossible  to  resolve  the  fluid 
structures  within  this  thin  layer  numerically.  To  simplify 
this  problem  in  the  modeling,  the  thin  fluid  layer  can  be 
treated  in  two  different  ways  depending  on  the  type  of 
numerical  scheme  applied  to  track  the  interfaces.  For  the 
Lagrangian  type  approach  in  which  the  interfeces  of  two 
droplets  are  always  separate,  the  thin  fluid  layer  will  be 
removed  at  a  prescribed  time  if  the  coalescence  collision  is 
expected  [5,6].  On  the  other  hand,  if  the  Eulerian  type 
approach  is  chosen,  in  which  the  interfaces  of  two  droplets 
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automatically  merge  whenever  they  are  within  the  distance 
imposed  by  the  numerical  resolution,  a  thin  fluid  layer 
with  a  prescribed  thickness  will  be  inserted  artificially 
until  it  is  removed  at  later  time  [7-9]. 

In  the  present  study,  the  second  approach  (Eulerian 
type)  will  be  used  to  model  the  head-on  collision  between 
two  equal-sized  hydrocarbon  droplets  for  all  four  modes 
observed  in  the  experiments  [1].  The  detailed  numerical 
method  will  be  described  in  the  next  section.  The 
modeling  results  and  the  comparisons  between  2-D 
axisymmetric  and  three-dimensional  will  be  presented  in 
the  following  section.  The  effects  of  the  timing  to  release 
the  thin  fluid  layer  between  droplets  on  the  collision 
outcome  also  will  be  thoroughly  discussed  along  with  the 
energy  balance. 


NUMERICAL  METHOD 

The  numerical  model  used  for  simulating  the 
droplet  collision  in  the  present  study  is  a  “Level  Set“ 
approach  for  the  incompressible  two  phase  flow  developed 
by  Sussman,  Smereka  and  Osher  [8].  In  this  model,  the 
interface  between  the  two  fluids  is  described  as  the  zero 
level  set  of  a  smooth  function,  which  is  defined  as  the 
distance  from  the  interface.  The  flow  field  in  the  two- 
phase  single- fluid  system  is  calculated  by  solving  the  3-D 
Navier-Stokes  equation  (in  Cartesian  Coordinates)  in  the 
following  form: 


du  ^  ^  ^ 
dx  dy  dz 


Du 


d  du  d  dv  d  dw  dp 


(1) 

(2) 


P 


Dv 

Dt 


P 


Dw 

"dT 


—  „  d  du  d  dv  d  dw 


—  _  d  du  d  dv  d  dw 


-^+gy  +  crjf((^)5(0)-^ 
~+gz  +  crKi(p)5i(l>)^ 


(3) 

(4) 


In  Eqns.  (l)-(4),  p,^,(T,  ?c,  are  density,  viscosity,  surface 
tension  and  surface  curvature,  respectively,  5{(p)  is  a 
three-dimensional  delta  function.  To  avoid  smoothing  the 
sharpness  of  droplet  properties  at  the  interface  by 
excessive  numerical  diffusion,  the  defined  “distance** 
function  ( ^ ,  which  is  linear  across  the  interface)  is  solved 
according  to  the  following  propagation  equation  in  an 
incompressible  fluid  system: 

^+«-V^  =  0  (5) 

dt 

To  solve  equations  (1)  to  (4),  the  finite  volume 
scheme  in  an  ALE  (Arbitrary  Lagrangian-Eulerian)  grid 
developed  by  Hwang  [10]  was  used.  The  concept  of  split 
velocity  was  employed  to  eliminate  the  pressure  wiggle 
problem.  To  account  for  the  surface  tension  term  in 
Eqns.(2-4),  the  formulation  for  the  split  velocity  is 
modified  to  incorporate  the  surface  force  with  pressure 
force  [10].  A  second  order  upwind  scheme  was  applied  to 
discretize  the  convective  term  in  Eqns,  (2-4)  for 
eliminating  excess  numerical  diffusion.  To  solve  the 
pressure  field,  a  fully  multi-grid  method  [12]  coupled  with 


MSIP  (Modified  Strongly  Implicit  Procedure)  iteration 
scheme  [13]  was  implemented. 

The  distance  function,  (p,  defined  in  this  model  is 
required  to  maintain  the  correct  distance  from  the  interface 
at  all  rimes  after  each  calculation  step  to  avoid  producing 
irregular  interface.  This  can  be  achieved  easily  by  solving 
the  following  problem  to  steady  state 


^  =  5(0^)(1^V^) 

where  S  is  the  sign  function  depending  on  the  value  of 
The  distance  function  remains  unchanged  at  the 

interface  during  the  calculations. 

The  energy  modes  that  play  important  roles  in 
droplet  dynamics  include  kinetic  energy,  surface  energy, 
viscous  dissipation,  pressure  work  and  surface  work.  The 
mathematical  expression  in  the  present  numerical 
modeling  for  above  five  energy  terms  can  be  written  as 
follows: 
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Es.e.  =  (y^Simv 

^v.d.='^^IJ‘-[u\+v^  +  w\w 

+  X^f^“v  +‘'jc)^  +(“r  +'^jt)^  +(v,  +  Wy)^]4K 
^p.w.=^(yp<*)^V 
Es.y^.  =  <T'^iKnu)S(^<t))AV 

Where  dV  is  the  volume  of  one  computational  cell  and 
n  the  unit  nonnal  to  the  droplet  surface. 

NUMERICAL  RESULTS 

Four  sets  of  simulations  were  performed  for  the 
conditions  corresponding  to  the  head-on  collision 
experiments  conducted  by  Jiang  et  al.  [1].  In  each  case 
both  2-D  axisymmetric  and  three  dimensional  simulations 
were  performed  for  comparison.  Since  the  comparison 
between  experiments  and  axisymmetric  simulations  has 
been  made  in  previous  study  [14],  the  experimental  results 
will  not  be  shown  in  the  present  study  and  comparison 
will  only  be  focused  on  the  effects  of  three-dimensional 
structures.  Initially,  two  equal-sized  spherical  hydrocarbon 
droplets  (0.30  mm  in  diameter)  are  placed  0.1  mm  apart. 
The  density  and  viscosity  of  liquid  are  730.0  kg!  rr?  and 
0.95x10  '^N's!  respectively.  The  surface  tension 
between  air  and  the  working  liquid  is  2.45xl0“^N/m. 
The  initial  velocity  of  both  droplets  is  chosen  identical  to 
those  produced  in  experiments.  The  four  velocity 
conditions  are  (I)  0.07  m/s,  (E)  0.32  m/s,  (HI)  0.62  m/s 
and  (IV)  1.15  m/s.  Since  the  effect  of  surrounding  air  on 
the  droplets  is  very  small,  in  the  simulations  the  droplets 
were  started  to  be  uniformly  moving  along  the  collision 
axis  (line  connected  between  two  droplet  centers).  The 
droplet  Reynolds  number  and  Weber  number  (.  Re /We)  for 
these  four  chosen  velocities  are  32/0.17,  147/3.7, 

286/13.8,  530/47.6,  respectively.  Figure  I  shows  the 
simulation  results  (2-D  axisymmetric  on  the  left  and  3-D 
on  the  right)  for  all  four  cases.  The  collision  phenomenon 
for  each  mode  is  explained  as  follows: 

(D  V=0.07  m/s:  Since  the  impact  velocity  for  this 
condition  is  very  small,  the  interfaces  of  droplets  were 
observed  to  coalesce  immediately  after  initial  contact  and 
form  a  single  larger  droplet  (see  the  frame  at  0.30  ms). 


When  the  two  droplets  merge,  they  will  remain  coalesced 
and  oscillating  with  decayed  amplitude  comparable  to  that 
theory  predicted  [13]. 

(II)  V=0.32  m/s:  When  the  impact  momentum  between 
droplets  increases,  the  collision  is  sufficiently  energetic 
that  substantial  droplet  deformation  occurs.  However  the 
two  droplet  interfaces  do  not  coalesce  during  the  whole 
collision  process  and  eventually  bounce  away  from  each 
other  at  later  stage.  This  result  indicates  that  the  thin  fluid 
layer  between  droplets  will  not  reach  below  the  critical 
clearance  at  all  times  and  keep  two  interfaces  apart.  To 
simulate  the  bouncing  droplets,  a  thin  fluid  layer  (air)  is 
inserted  artificially  between  two  droplets  whenever  they 
are  in  contact  within  the  distance  of  a  half  grid. 

(HI)  V=0.62  m/s  and  (IV)  V=:1.15  m/s:  Under  these  two 
velocity  conditions,  the  process  of  interface  coalescence 
observed  from  the  experiments  is  not  clear  and  to  be  more 
complicated  than  two  previous  modes.  The  information 
regarding  the  timing  of  interface  coalescence  strongly 
depend  on  the  collision  parameters  such  as  Re  and  We  of 
the  droplets.  Unlike  the  phenomena  seen  in  previous  two 
conditions  (I  and  II)  in  which  the  interface  coalescence 
either  occurs  right  at  the  instance  when  two  droplets  make 
contact  (I)  or  never  occur  (II),  for  conditions  (IE)  and  (IV) 
the  two  droplets  are  remained  separate  during  initial  period 
of  contact  until  the  momentum  of  droplets  is  sufficiently 
high  that  the  thin  fluid  layer  is  forced  to  be  removed.  To 
model  these  two  modes  numerically,  an  approximate  time 
of  interface  coalescence  needs  to  be  determined  in  advance 
based  on  the  observations  from  experiments.  For  both 
simulations  presented  in  Fig.  1,  the  pre-determined 
coalescence  time  is  at  t=  0.13  ms  for  (El)  and  t=0.08  ms 
for  (IV).  In  condition  (El),  for  example,  the  coalescence 
occurs  between  the  second  (0.09  ms)  and  the  third  ftame 
(0.18  ms).  The  main  difference  between  (El)  and  (IV)  is 
the  production  of  satellite  drops  at  higher  velocity 
condition.  At  condition  (IV),  the  collision  impact  is  so 
strong  that  the  surface  tension  of  the  coalesced  liquid  is 
not  sufficient  to  hold  the  liquid  in  a  closed  surface.  The 
contraction  of  coalesced  droplet  (see  the  frame  at  t=l.26 
ms)  splits  the  single  droplet  into  two.  The  instability  of 
ligament  produced  during  the  contraction  period  is  the 
source  for  generating  the  satellite  drops. 

As  evidenced  by  the  simulations  presented  above, 
the  timing  for  releasing  the  thin  fluid  layer  between 
droplets  has  significant  impact  on  the  collision  results.  A 
significant  difference  on  the  collision  dynamics  can  be 
observed  if  the  forced  coalescence  timing  is  released  from 
the  numerical  modeling  for  cases  (El)  and  (IV).  In  Fig.  2, 
the  sequence  on  the  left  presents  the  calculations  without 
using  the  forced  coalescence  timing  and  the  sequence  on 
the  right  is  the  same  results  shown  in  Fig  l(III)  with  the 
frames  chosen  at  different  times.  Without  forcing  the 
numerical  coalescence,  it  is  clearly  seen  that  droplet  merge 
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much  earlier  [see  Fig.  2(a)  at  t=0.06  ms]  compared  to  that 
in  forced  simulations  [Fig.  2(b)  at  t=0.13  ms]. 

To  further  study  the  dynamics  of  droplet  collision, 
five  energy  modes  defined  earlier  are  estimated  for  all  four 
velocity  cases.  The  energy  balance  and  mode  shift  verse 
time  are  presented  in  Fig.  3.  The  energy  for  all  five  modes 
are  normalized  by  the  initial  surface  energy  which  is 
independent  of  droplet  velocity.  During  the  whole  period 
of  collision,  the  energy  conservation  can  be  identified 
based  on  the  summations  of  several  energy  modes.  Two  of 
these  summations  discussed  in  the  present  study  are  the 
sum  of  kinetic  energy,  surface  energy,  viscous  dissipation 
and  pressure  work  ( Ei  =  ^  ^  +  Ep  ^^  )  and 

the  sum  of  kinetic  energy,  viscous  dissipation,  surface  and 
pressure  works  ( £2  ==  ^k.e.  +  +  ^v.d,  +  ^p,w,  )• 

interesting  to  note  that  the  second  energy  sum  (£2) 
always  maintains  constant  throughout  the  whole  process, 
but  the  first  energy  sum  (£1)  only  will  be  totally 
conserved  if  the  droplets  are  either  in  bouncing  mode  [Fig. 
3(a)]  or  making  quick  coalescence  after  the  contact  [Fig. 
3(b)].  The  sharp  drop  of  the  first  energy  sum  ( £1)  in  Figs. 
3(c)  and  3(b)  are  caused  by  the  merge  of  two  interfaces 
into  one  while  the  coalescence  is  occurring. 

To  model  the  coalescence  phenomena  between 
droplet  in  the  present  model,  a  critical  clearance  need  to  be 
defined  in  order  for  the  two  surfaces  to  merge  at  the  proper 
time.  Because  the  interface  carrier  used  in  the  “level  set” 
scheme  is  a  distance  function  (^),  it  will  be  a  natural 
candidate  for  an  indication  that  shows  how  far  the  two 
droplet  is  apart  during  the  collision  process.  Fig.  4  shows 
the  progress  of  function  (j)  in  time  when  two  droplets 
approach  to  each  other  at  a  speed  of  0.90  m/s.  Based  on 
the  size  of  defined  surface  thickness,  Ct,  the  maximum 
value  <p  can  reach  is  one  Of  without  coalescence.  In  OTder 
to  find  the  proper  critical  clearance  for  coalescence,  a  set  of 
simulations  (by  varying  the  Weber  number)  were 
performed  to  examine  the  characteristics  of  maximally 
allowed  clearance  by  forcing  the  droplets  never  merged. 
Figure  5  is  the  plot  showing  the  maximum  value  of  (p 
reached  along  the  contact  line  without  coalescence.  It  is 
interesting  to  note  that  the  characteristic  of  the  curve  in 
Fig.  5  is  similar  to  that  observed  in  the  experiments  in 
terms  of  the  outcomes  of  collision.  By  intersecting  the 
curv^e  with  a  horizontal  straight  line  (constant  0),  the 
droplet  collision  in  numerical  modeling  will  result  from 
coalescence,  bouncing,  then  to  coalescence  again  as  the 
Weber  number  increases  as  long  as  the  straight  cut 
through  two  points  of  the  curve.  If  the  straight  line  is 
chosen  to  be  places  below  the  curve  then  no  bouncing 
will  be  found.  On  the  other  hand  if  the  straight  line  is 
place  above  0.5  Of,  the  first  region  of  coalescence  will  not 


be  seen  in  simulations.  Based  on  this  information  a 
empirical  formula  is  derived  to  define  the  critical  clearance 
for  the  present  model. 

<5  =  5^/^  (7) 

where  5^  is  the  critical  clearance  at  1  atm  and  c  is  a 
constant  (>0).  Basically,  5^,  a  function  of  numerical 
resolution,  is  primarily  determined  by  the  properties  of 
liquid  droplet;  and  the  constant  c  is  affected  by  the  gas 
properties. 

CONCLUSIONS 

The  dynamics  of  head-on  collision  between  two 
equal-sized  droplets  was  studied  numerically  using  the 
concept  of  “Level  Set.”.  The  simulation  results  from  the 
2-D  axisymmetric  modeling  is  extremely  accurate  for  low 
to  moderate  velocity  range.  However,  the  3-D  modeling 
will  be  a  useful  tool  if  the  study  of  off-center  or  high¬ 
speed  droplet  collision  is  desired.  A  preset  time  of 
releasing  the  fluid  layer  between  droplets  under  some 
conditions  is  imposed  in  the  model  to  conduct  the 
interface  coalesced  properly.  A  simple  empirical  formula 
has  been  derived  for  the  critical  clearance  by  using  the 
characteristics  of  the  scheme  of  “level  set.”  In  the  future  to 
develop  a  theoretical  sub-model,  which  can  describe  the 
coalescence  physics  rigorously  and  is  suitable  to  be 
implemented  in  the  numerical  scheme,  will  be  helpful  in 
the  study  of  collision  dynamics  under  much  more 
complication  conditions. 
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(a)  Unforced  coalescense  (b)  Forced  coalescense 

Figure  2.  Comparison  of  droplet  collision  at  V=  0.62  m/s.  (a)  Unforced  coalescence  (b)  Force  coalescence 
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Energy/initial  surface  energy  Energy/  initial  surface  energy 


(a)  V  =  0.07  m/s 


1.2 


(b)  V  =  0.32  m/s 


4.2  MODELING  OF  FUEL  THERMAL  STABILITY 


4.2.1  Overview 

The  thennal  stability  of  jet  fuels  results  from  a  complex  set  of  chemical  reactions,  and  the 
deposition  process  is  further  complicated  by  physical  mechanisms  such  as  agglomeration 
and  solvation.  Although  a  vast  amount  of  experimental  data  has  been  obtained  by  several 
research  groups,  the  specific  mechanisms  responsible  for  thermal  degradation  of  fuels 
and  the  consequent  deposit-formation  process  are  still  largely  unknown.  This  results 
primarily  from  the  fact  that  the  fluid  and  the  heat  transfer  that  influence  the  deposition 
process  vary  significantly  from  experiment  to  experiment.  The  CFDC  models  are  thought 
to  be  useful  for  correlating  the  data  obtained  from  a  number  of  experiments  and,  thereby, 
exploring  this  large  database  to  aid  the  tmderstanding  of  the  deposition  phenomenon. 

The  success  of  this  approach  depends  on  the  accuracy  of  the  global-chemistry  models 
used  in  the  CFDC  codes.  The  results  of  applying  CFDC  codes  to  guide  the  study  of  fuel 
thermal  stability  are  discussed  below. 

4.2.2  Fuel  Thermal  Stability 

The  results  of  using  a  chemical-kinetics  model  employing  global  reactions  to  simulate 
fuel  deposition  under  specific  flow  conditions  are  reported  in  the  paper  entitled  “Global 
Kinetic  Modeling  of  Aviation  Fuel  Fouling  in  Cooled  Regions  in  a  Flowing  System.” 
This  paper  was  co-authored  by  J.  S.  Ervin,  T.  F.  Williams  (both  of  the  University  of 
Dajdon  Research  Institute),  and  V.  R.  Katta  and  published  in  Industrial  and  Engineering 
Chemistry  Research,  Vol.  35,  pp.  4028-4036  (1996).  A  nine-step  global-chemistry  model 
was  developed  to  predict  quantities  such  as  oxygen  consumption,  surface  deposits, 
hydroperoxides,  and  bulk  insolubles.  This  new  model  is  discussed  in  the  paper  entitled 
“Modeling  of  Deposition  Process  in  Liquid  Fuels”  (see  pp.  1 133-1 145).  The  results  of  a 
munerical  and  experimental  study  on  pyrolysis  and  pyrolytic  deposition  of  Norpar-13 
under  high-pressure  and  low-temperature  conditions  are  reported  in  the  paper  entitled 
“Modeling  of  Pyrolysis  and  Pyrol5dic  Deposition  of  Norpar-13  under  Supercritical 
Conditions”  (see  pp.  1 146-1 149).  A  three-step  global  model  was  developed  to  describe 
the  thermal  cracking  of  Noipar-13  under  supercritical  and  near-critical  conditions;  this 
model  is  described  in  the  paper  entitled  “Thermal  Cracking  of  Norpar-13  xmder  Near- 
Critical  and  Supercritical  Conditions”  (seepp.  1150-1158).  The  nine-step  global- 
chemistry  model  was  found  to  improve  the  accuracy  of  predicting  quantities  such  as 
oxygen  consumption,  surface  deposits,  hydroperoxides,  and  bulk  insolubles.  A 
comparison  of  experimental  and  numerical  results  with  the  nine-step  global-chemistry 
model  is  documented  in  the  publication  entitled  “Modeling  of  Deposition  Process  in 
Liquid  Fuels”  (see  pp.  1 159-1195). 
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Abstract: 

The  thermal  stability  of  jet  fuels  results  from  a  complex  set 
of  chemical  reactions,  and  the  deposition  process  is  further 
complicated  by  physical  mechanisms  such  as  agglomeration 
and  solvation.  Although  a  vast  amount  of  experimental  data 
has  been  obtained  by  several  researchers,  the  specific 
mechanisms  responsible  for  thermal  degradation  of  fuels  and 
the  consequent  deposit-formation  process  are  still  largely 
unknown.  This  is  primarily  due  to  the  fact  that  the  fluid  flow 
and  the  heat  transfer  which  influence  the  deposition  process 
vary  significantly  from  experiment  to  experiment  It  is 
thought  that  Computational  Fluid  Dynamics  with  Chemistry 
(CFDC)  models  can  be  used  to  correlate  the  data  obtained 
from  a  number  of  experiments  and,  thereby,  explore  this 
large  data  base  to  aid  the  understanding  of  the  deposition 
phenomenon.  The  success  of  this  s^proach  depends  on  the 
accuracy  of  the  global-chemistry  models  used  in  the  CFDC 
codes.  Recent  experiments  on  blended  fuel  prepared  by 
mixing  a  hydrotreated  fuel  with  a  non-hydrotrKUed  one 
suggest  that  the  thermal  stability  of  the  blend  cannot  be 
lineariy  extrapolated  from  the  thermal-stability  characteristics 
of  the  neat  ^els.  The  global-chemistry  models  developed 
previously  are  found  to  be  insufiicient  for  the  simultaneous 
prediction  of  deposition  and  oxidation  rates  associated  with 
the  blended  fuel;  however,  a  nine-step  model  recently 
developed  spears  to  yield  qualitatively  correct  results.  The 
rate  expressions  for  the  bulk-fuel  reactions  in  this  model  are 
modified  to  take  into  account  antioxidant  behavior  in  jet 
fuels.  The  modified  nine-step  global-chemistry  model  not 
only  improves  the  accuracies  in  predicting  quantities  such  as 
oxygen  consumption  and  surface  deposits  but  also  provides 
acWtional  capabilities  for  predicting  quantities  such  as 
hydroperoxides  and  bulk  insolubles. 


Introduction: 

Before  fuel  in  an  aircraft  is  burned  in  the  combustion 
chamber,  it  is  used  to  cool  several  engine  and  airframe 
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components  as  well  as  electronic  equipment.  The  bulk-fuel 
temperature  and  the  high  wall  temperature  of  these 
components  lead  to  degradation  of  the  fuel  (i.e.,  chemical 
decomposition  of  fuel  resulting  in  the  formation  of  gums  and 
solids  that  cause  fouling  of  fuel  nozzles  and  heat  exchangers). 
Several  laboratory  experiments  of  the  flowing*’^  and  static^ 
type  have  been  designed  to  study  the  thermal  stability  of  jet 
foel.  Temperature  is  usually  treated  as  an  effective 
parameter^  for  correlating  experimentally  obtained  data  and 
fuel  behavior  in  aircraft.  Recent  studies^’^  have  indicated 
strong  involvement  of  certain  species  such  as  dissolved 
oxygen  and  hydroperoxides  in  the  fouling  process.  In  order 
to  extend  the  findings  derived  from  these  laboratory 
experiments  to  real  aircraft  fuel  systems,  a  thorough 
understanding  of  the  experimental  data  is  needed.  However, 
since  high  temperatures  are  normally  used  to  accelerate  the 
experiments  p^ormed  in  studies  on  fuel  thermal  stability, 
often  there  is  no  correlation  between  the  results  of  the 
different  laboratory  experiments  and  no  knowledge  of  how 
tire  results  are  related  to  the  thermal  decomposition  of  the 
fuel  in  aircraft  fuel-system  components.  Recently  a  general 
theoretical  framework  was  established  by  integrating  the 
Computational  Ruid  Dynamics  conservation  equations  with 
global-chemistry  models  for  the  investigation  of  thermal- 
decomposition  mechanisms.’  The  resulting  Computational- 
Ruid-Dynamics-with-Chemistiy  (CFDC)  models  offer 
potential  for  predicting  fuel  behavior  in  an  engine  component 
based  on  knowledge  gained  from  laboratory  experiments.  The 
success  of  this  approach  depends  on  the  development  of  a 
universal  global-chemistry  model  that  can  be  calibrated  for  a 
given  fuel  by  laboratory  experiments  and  the  ability  of  the 
model  to  pr^a  deposition  over  a  wide  range  of  flow  and 
temperature  conditions  for  any  fuel-system  component 
Significant  progress  has  been  made  in  the  use  of  CFD 
models  to  predict  fluid  and  thermal  characteristics  in  the 
complex  geometries  of  practical  systems.  On  the  other  hand, 
developments  in  the  chemistry  modeling  of  thermal 
deposition  have  been  hindered  by  the  lack  of  fundamental 
understanding  of  the  complex  fuel-degradation  processes. 
Recent  studies  have  shown  the  usefulness  of  the  CFDC 
approach  with  simple  global-chemistry  models  for  predicting 
fuel  thermal  stability  under  different  conditions  in  heated-tube 
experiments*-^-^®  and  in  complicated  geometries."  These 
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successes  offer  a  hope  that  the  CFDC  models  will  become 
useful  tools  for  research  as  well  as  fuel-system  component 
design. 

This  paper  describes  several  global-chemistry  models  that 
have  recently  been  developed  and  their  relationship  to  dte 
current  understanding  on  semi-detailed  chemistry  for  jet-fiiel 
thermal  stability.  Also  testing  of  the  most  recently  developed 
nine-step  global-chemistry  model  for  its  ability  to  predict  die 
thermal-stability  characteristics  of  blended  fuels  obtained  by 
mixing  hydrotreated  and  non-hydrotreated  Jet-A  fuels. 
Finally,  details  are  given  on  modifications  proposed  and 
implemented  into  the  nine-step  global-chemistry  model  not 
only  for  improving  accuracies  in  predicting  quantities  such  as 
oxygen  consumption  and  surface  deposits  but  also  for 
predicting  additional  quantities  such  as  hydroperoxides  and 
bulk  insolubles. 

Background: 

The  susceptibility  of  hydrocarbon  fuel  to  thermal 
degradation  is  usually  referred  to  as  thermal  instability  and 
is  believed  to  result  from  a  set  of  complex  chemical 
reactions.  Even  though  the  detailed  chemical  reactions  that 
result  in  fuel  deposits  are  poorly  understood,  it  is  well 
recognized  that  the  thermal  instability  of  a  hydrocarbon  fuel 
dqiends  on  many  factors  such  as  fuel  type,  temperature, 
pressure  and  the  material  in  contact  with  the  fuel.**^*^^^^*^^ 
The  effect  of  these  factors  on  deposition  has  been 
investigated  experimentally  under  both  the  static  and 
flowing  conditions.  Several  researchers  have  reported^^^'^^’ 
that  the  reaction  is  usually  initiated  by  liquid-phase 
oxidation  of  the  fuel,  which  is  promoted  by  dissolved 
oxygen.  The  early  investigations  of  Taylor, which 
provide  the  major  source  of  reliable  information  on  fouling 
of  hydrocarbon  fuels,  suggest  that  the  principal  class  of 
fouling  reactions  is  auto-oxidation  poljrmerization  which  is 
propagated  by  a  free-radical  chain-reaction  mechanism  in 
which  dissolved  molecular  oxygen  plays  a  crucial  role. 
Common  impurities  such  as  compounds  of  sulfur,  nitrogen, 
and  dissolved  metals  play  a  role  by  either  accelerating  the 
reactions  or  affecting  the  solubility  of  the  degradation 
products.  On  the  other  hand,  at  high  temperatures  (>  750 
K),  the  deposition  reaction  is  characterized  by  the  pyrolysis 
of  hydrocarbon  molecules  and  the  scission  of  hydrocarbon. 
The  general  free-radical  mechanism  agreed  upon  by  several 
researchers  and  outlined  by  Jones  et  al.^*  is  given  bellow. 


Initiation: 

RH  +  O2  — >  R'  (la) 

ROOM  — >RO--i--OH  (lb) 

Propagation: 

R*  +  02— >ROO-  (Ic) 

ROO'  -J-  RH  — >  ROOH  +  K  (Id) 

Termination: 

ROO*  +  ROO*  — >  non-radical  products  (le) 

ROOH  +  R’S  — >  gums,  solids  (If) 


Here,  RH  and  R’S  represent  hydrocarbon  fuel  and  a 
peroxide-decomposing  sulfur  compound,  respectively;  R , 
RO*,  and  ROO*  represent  alkyl,  alkoxy  and  peroxy  radicals, 
respectively;  and  R(X)H  represents  hydroperoxides. 

Studying  the  rates  of  oxidation  and  gum  formation  in 
different  fuels,  Mayo  and  Lan*^  found  that  some  fuels 
oxidize  faster  when  initiators  such  as  t-BU202  are  added. 
Based  on  these  studies  they  proposed  that  gum  formation  is 
initiated  with  coupling  of  two  alkyl  peroxyl  radicals  in  the 
chain  termination  of  oxidation.  It  is  now  generally  thought 
that  fuel-degradation  products  such  as  soluble  gums, 
insoluble  gums,  and  solids  are  formed  by  termination  steps 
in  the  above  oxidation  mechanism. 

The  reaction  paths  (laHlf)  describe  the  oxidation  and 
deposition  processes  globally;  in  fact,  each  of  tiiese  steps 
represents  several  elementary  reaction  steps.  As  discussed  by 
Zabamick,“  no  generally  accepted  rate  parameters  exist  for 
the  pseudo-global  reactions  (la)-(lf).  Even  though  a 
detailed  description  of  autoxidation  and  thermal  degradation 
of  hydrocarbon  fuel  may  be  formulated  by  conducting  a 
study  on  several  fuels  over  a  wide  range  of  conditions,  the 
above-described  general  mechanism  yields  valuable  insights 
for  developing  global-chemistry  models  for  the  thermal 
stability  of  fuels. 

Global  Models  for  Thermal  Stability: 

Early  deposition  models  woe  primarily  based  on  the 
assumption  that  the  quantity  of  carbon  deposited  on  metal 
walls  is  proportional  to  the  amount  of  heat  transferred  up  to 
that  time  (or  temperature).  These  models  arc  basically 
obtained  by  representing  the  mechanism  (la)-(lf)  using  the 
global  reaction 

Fuel  — >  Deposits  (2a) 

The  deposition  rate  is  given  by 


eU^  J 

(2b) 

Here,  D  represents  deposits  on  a  metal  surface,  and  a  is  a 
constant  which  may  be  a  function  of  velocity.  Because  of 
the  over  simplifications  used,  these  models  mask  the 
physical  and  chemical  structures  of  the  deposition  process; 
however,  they  arc  still  found  to  be  useful  as  engineering 
tools.^* 

Two-Step  Global  Model: 

A  two-step  kinetic  reaction  mechanism  was  postulated 
and  successfully  applied  to  a  number  of  heated-tube 
experiments  by  Giovanetti  and  Szetela.*^  By  representing 
the  oxygenated  species  (hydroperoxides,  alcohols,  ketones. 
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and  carbon  monoxide)  formed  during  thermal  stressing  of 
the  fuel  as  intermediary  precursor  (P)  to  the  deposits  (D). 
they  postulated  the  following  two-step  reaction  mechanism: 

Fuel  +  O2  — >Fuel  +P  (3a) 

Fuel  +  P  — >  Fuel  +  D  (3b) 

The  reaction  rates  are  given  by 


using  the  concentration  of  precursor  on  the  wall  surface. 
The  time  rates  of  change  of  the  active  species  are  given  by 


dt 


dt 


RR4, 

=  RR4a— RR4c~Rm 


(4d) 

(4e) 


-Rf 

il 

(3c) 

fzSal 

Here,  the  mass-transfer  rate,  Rj,  is  given  by 

RRsb  “  [p] 

L  RT  J 

(3d) 

R„  =  K„s([P]-[PU 

(4f) 


In  comparison  with  the  mechanism  given  by  Eqs.  (laKlf)* 
the  first  reaction  step  (3a)  of  the  Giovanetti  and  Szetela 
mechanism  may  be  considered  the  propagation  step  and  the 
second  one  (3b),  the  termination  step.  This  simplification  is 
valid  only  when  the  concentrations  of  R*  and  ROO*  are 
significant.  Usually,  non-hydrotreated  aircraft  fuels  contain 
some  types  of  antioxidants  which  tend  to  control  the 
concentrations  of  R*  and  ROO*  through  the  termination  step 
(If). 

In  addition  to  the  limitations  of  the  above  two-step 
global  mechanism  in  modeling  various  fuels,  the  model  has 
two  major  drawbacks:  1)  It  does  not  take  into  account  mass- 
transfer  effects;  2)  It  does  not  have  possible  precursor- 
decomposition  reactions  which  are  relevant  at  high 
temperatures.  The  experiments  of  Marteney  and  Spadaccini* 
and  Taylor^"*  indicate  that  at  higher  temperatures  (>  645  K), 
the  deposition  rate  decreases  suddenly.  This  sudden  decrease 
may  be  due  to  possible  mass-transfer  resistance  at  higher 
temperatures  and/or  precursor  decomposition.  Marteney  and 
Spadaccini*  also  studied  the  effect  of  fuel  velocity  on 
deposition  rate  and  found  that  the  reactions  become  mixing 
(or  transport)  limited  at  elevated  temperatures.  Clark  and 
Thomas^  also  found  that  deposition  may  be  dominated  by 
physical  transport  or  a  chemical-reaction  process,  and  the 
relative  importance  of  these  factors  is  fuel  dependent 

Thrge-Stgp  Moctgl: 

In  an  attempt  to  improve  deposition  modeling  by 
incorporating  mass-transfer  effects  and  the  precursor- 
decomposition  process,  Deshpande  et  al.^  proposed  the 
following  three-step  global  mechanism. 

Fuel  +  O2  — >Fuel  +P  (4a) 

Fuel  +  P  — >  Fuel  +  D  (4b) 

Fuel  +  P  — >  Fuel  +  CO2  (4c) 

It  is  assumed  that  reactions  (4a)  and  (4c)  occur  in  the  bulk 
and  that  reaction  (4b)  occurs  on  the  wall  surface.  As  a 
result,  the  reaction  rate  (RR4c)  for  Eq.  (4b)  is  calculated 


where  K„  is  the  mass-transfer  coefficient,  s  is  surface  area, 
and  [P],  is  the  concentration  of  precursor  at  the  wall  which 
is  calculated  from  molecular  dif^ion  of  bulk  precursor. 

The  limited  comparisons  of  predictions  and  available 
experimental  data^  have  indicated  that  the  results  obtained 
with  the  three-step  model  are  only  marginally  improved 
over  the  predictions  made  by  Giovanetti  and  Szetela^®  using 
their  two-step  model.  However,  the  significant 
improvement  in  deposition  modeling  made  by  Deshpande  et 
al.^^  through  the  incorporation  of  mass-transfer  effects  and 
the  precursor-decomposition  process  may  be  recognized 
when  results  for  oxygen  consumption  and  deposit  formation 
are  compared  simultaneously.  Equations  (3a)  and  (3b) 
require  that  at  any  time  during  the  reaction,  the  sum  of  the 
concentrations  of  oxygen,  precursor,  and  deposit  must  be 
constant  and  equal  to  the  initial  concentration  of  oxygen 
(assuming  that  the  initial  concentrations  of  precursor  and 
deposit  species  are  negligible).  Because  of  this  constraint  on 
species  concentration,  Giovanetti  and  Szetela^^  were  fotoed 
to  use  an  initial  concentration  of  oxygen  of  only  16%  of  the 
value  for  air-saturated  fuel  in  order  to  match  the  predicted 
and  measured  maximum  deposition  rates.  This  anomaly 
between  initial  oxygen  concentration  and  peak  deposition 
rate  was  resolved  in  the  three-step  model  since  only  a 
fraction  of  the  generated  precursor  transforms  into 
deposition;  the  rest  either  remains  in  the  fuel  (because  of 
mass-transfer  effect)  or  is  converted  into  solubles  [through 
Eq.(4c)]. 

The  success  with  the  three-step  global  model  is  limited, 
in  part,  by  the  one-dimensional  analysis  which  Desi^ande 
et  al.^  us^  for  the  prediction  of  heat^-tube  experiments  in 
which  large  gradients  for  temperature  and,  hence,  species 
concentrations  exist  across  the  tube.  Recognizing  the  barrier 
to  the  development  of  thermal-stability  models  imposed  by 
fluid-dynamics  simplifications,  Roquemore  et  al.’  proposed 
a  general  theoretical  framework  by  integrating  the 
Computational  Fluid  Dynamics  (CFD)  conservation 
equations  with  global-thermal-stability  models.  Krazinski  et 
al.*  implemented  such  a  framework  for  studying  deposition 
process  in  heated-tube  experiments  by  incorporating  a  toee- 
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step  deposition  model  in  a  steady-state  two-dimensional 
CFDcode. 

The  three-step  model  that  Krazinski  et  al.*  used  is 
identical  to  the  three-step  model  [Eqs.  (4aH4c)]  described 
previously.  Krazinski  et  al.*  assumed  that  the  precursor 
generated  in  the  bulk  fuel  is  transported  to  the  wall  through 
convection  and  diffusion,  adheres  to  the  wall,  and  then 
transforms  into  deposits.  The  last  two  processes  were 
represented  globally  with  a  wall  reaction  such  as  Eq.  (4b). 
The  CFDC  approach  for  predicting  thermal  stability  of  fuels 
was  further  extended  by  Katta  and  Roquemore®*^  for  the 
prediction  of  real-time  deposition  process  in  a  heated  tube 
and  by  Chin  and  Katta”  for  the  prediction  of  deposition  in 
complex  geometries  such  as  aircraft  fiiel  nozzles.  The  toee- 
step  model  of  Krazinski  et  al.®  used  in  all  these 
investigations  was  found  to  yield  reasonable  predictions  for 
a  variety  of  flow  and  thermal  conditions. 

I^ine-St^p  global  Mixifil; 

Recent  experimental  efforts  of  Jones  et  al.,**  Heneghan  et 
al.,^  Hardy and  Kauffinan  et  al.^’  suggest  that  1)  the  rate 
of  autoxidation  in  the  majority  of  fuels  is  nearly 
independent  of  dissolved-oxygen  concentration,  2)  the 
deposit-forming  precursor  is  generated  through  chemical 
reactions  involving  hydroperoxides  but  not  directly  from 
reactions  involving  molecular  oxygen,  and  3)  fuels  which 
oxidize  r^idly  tend  to  form  more  gums  and  less  solids  or 
deposits.  The  semi-detailed  thermal-stability  model  [Eqs. 
(la)-(lf)]  described  earlier  accounts  for  all  of  these 
observations,  whereas  the  two-  or  three-step  global  models 
developed  for  the  prediction  of  deposition  are  not  capable  of 
addressing  these  issues. 

A  new  nine-step  thermal-stability  model  has  been 
proposed  by  Katta  et  al.“  for  the  simultaneous  prediction  of 
autoxidation  and  deposit  formation  in  different  flowing 
systems.  The  model  was  formulated  based  on  observations 
made  during  static  flask  and  dynamic  tube  experiments  and 
consists  of  both  bulk-phase  and  wall  reactions.  The  six  bulk 
reactions  used  in  this  model  are  as  follows: 


Oj  +Fuel  — >  ROOH  (5a) 

ROOH  +  Fuel  — >  Solubles  (5b) 

ROOH  +  F,  — >  P  (5c) 

P  +  Fuel  ~>  Solubles  (5d) 

ROOH  +  Fuel  — >  (5e) 

^buik  Fuel  — >  2  (5f) 


In  this  global  model  the  species  ROOH  represents  either 
ROOH  or  ROO*.  The  first  step  (5a)  of  the  nine-step  model 
represents  the  propagation  step  in  the  general  formulation 
[i.e.,  Eq.  (lb)],  the  second,  third,  and  fifth  steps  represent 
the  termination  reactions  (le)  and  (If);  the  fourth  step  is  the 
precursor-removing  reaction;  and  finally,  the  agglomeration 
of  bulk  particles  is  represented  chemically  with  the  sixth 
step.  Fj  [or  R’S  in  Eq.  (If)],  a  non-depleting  sulfur 


compound  present  in  the  fuel  which  usually  promotes  the 
deposition  process.  This  model  closely  follows  the  general 
formulation,  except  that  it  has  no  initiation  and  propagation 
reactions  for  controlling  the  autoxidation  process.  It  was 
assumed  that  if  the  oxygen  consumption  in  a  fuel  is 
described  by  Eq.  (5a),  then  by  choosing  the  appropriate 
activation  energy  and  pre-exponential  factor,  the  above  six 
bulk  reactions  can  represent  the  thermal  stability  of 
hydrocarbon  fuels.  The  specific  reaction  rates  for  the  six 
reactions  are  obtained  assuming  that  the  reactions  aie 
elementary  in  nature  (i.e.,  based  on  the  reactant 
concentrations).  However,  for  fitting  the  autocatalysis-type 
oxidation  behavior  of  the  aviation  fuels,  the  reaction  rate  for 
Eq.  (5a)  is  made  independent  of  oxygen  concentration  (i.e., 
zeroth-order  reaction). 

In  addition  to  the  six  bulk  reactions  (5a)-(5f),  three  wall 
reactions  were  also  used  in  the  above  model  to  describe  the 
entrainment  and  sticking  processes  of  O2,  P,  aiKi  - 
which,  eventually  transform  to  surface  deposits  after 
attaching  to  the  walls.  The  nine-step  model,  in  general, 
yielded  very  good  predictions  for  surface  deposits  under 
significandy  different  flow  and  heating  conditions.  Some  of 
the  comparisons  between  model  predictions  and 
experimental  data  are  given  in  References  10,11,28.  Even 
though  the  model  predicts  the  concentration  distributions  for 
ROOH  and  these  distributions  do  not  compare  well 
with  the  experimental  data  due,  in  part,  to  the  insufficient 
representation  of  production  and  destruction  mechanisms  ibr 
intermediate  species  such  as  ROOH  and  in  the  nine- 
step  model. 

Results  and  Discussion: 

Thermal  Stability  of  Fuel  Blends: 

The  fuel  in  advanced  aircraft  will  be  subjected  to  a  more 
hostile  environment  from  a  temperature  viewpoint  since 
these  aircraft  will  generate  increased  heat  loads.  To  avoid  the 
problems  associated  with  the  thermal  decomposition  of  fuel 
at  these  expected  elevated  temperatures,  researchers  are 
increasingly  concentrating  on  the  development  of  methods 
of  mitigating  fuel-fouling  processes.  A  fundamental  method 
of  quantitatively  improving  the  thermal-stability 
characteristics  of  a  lesser-quality  fuel  is  to  introduce 
additives  which  may  be  cost  effective  compared  to  refining 
techniques.  An  obvious  extension  of  this  approach  is  to 
consider  the  potential  impact  on  thermal  stability  of  a  fuel 
mixture  obtained  by  blending  two  fuels  having  drastically 
different  thermal-stability  characteristics.  Recent  studies 
conducted  on  fuel  mixtures  include  the  woric  of  Zabamick  et 
al„”  Balster  et  al.,^  and  Jones  et  al.^* 

For  the  modeling  of  thermal  stability  of  a  jet  fuel  in  a 
flowing  system,  the  global-chemistry  models  described 
previously  must  be  calibrated  specifically  for  that  fuel.  This 
is  mainly  because  of  the  lack  of  fundamental  data  such  as 
concentrations  of  constituent  species  in  that  fuel.  When  two 
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fuels  are  blended,  then  the  constituent  species  in  that 
mixture  can  be  obtained  by  a  linear  combinadon  of 
constituent  species  of  individual  species.  This  suggests  that 
the  global-chemistry  model  of  a  mixture  can  be  derived  from 
the  calibrated  global-chemistry  models  of  the  individual 
species.  Of  course,  the  success  of  this  approach  depends  on 
the  accuracy  of  the  model  used.  In  other  words,  the  accuracy 
of  a  global-chemistiy  model  in  describing  the  thermal- 
stability  characteristics  of  a  fuel  may  be  tested  by  predicting 
the  characteristics  of  a  blended  fuel  using  the  models 
calibrated  for  the  individual  fuels. 

Jones  et  al.^*  found  that  the  thermal-stability 
characteristics  of  a  mixture  obtained  by  blending  POSF- 
2827  and  POSF-2747  Jet-A  fuels  could  be  improved  only  if 
the  percentage  of  the  former  fuel  in  the  mixture  is 
significantly  low.  These  two  fuels  were  previously  studied^ 
individually  with  regard  to  thermal-stability  behavior.  It  is 
known  that  the  hydrotreated  Jet-A  fuel  (POSF  2747) 
belongs  to  a  class  of  highly  stable  fuels,  and  the  dissolved 
oxygen  in  this  fuel  will  be  consumed  rapidly  (typically,  in 
about  3  min.  at  185  K)  when  the  fuel  is  heated  and  at  the 
same  time  will  generate  very  few  deposits.  On  the  other 
hand,  POSF-2827  is  a  straight-run  (non-hydrotreated)  Jet-A 
fuel  containing  significant  amounts  of  sulfur  compounds  as 
impurities.  Investigations  on  this  fuel  revealed  that  the 
dissolved  oxygen  is  consumed  very  slowly  when  the  fuel  is 
heated  (for  example,  13  nun.  at  185  K)  and,  at  the  same 
time,  significant  amounts  of  bulk  and  surface  deposits  are 
generated.  This  inverse  behavior  between  oxygen 
consumption  rate  and  deposition  rate  in  jet  fuels  was  found 
by  several  investigators,  and  a  comprehensive  report  based 
on  a  number  of  fuels  was  prepared  by  Hardy  et  al.^ 

The  experimental  data  obtained  by  Jones  et  al.^'  for  two 
fuels  (POSF-2827  and  POSF-2747)  and  for  different 
mixtures  of  these  fuels  arc  shown  in  Figs.  1  and  2.  These 
measurements  were  made  using  the  experimental  rig  known 
as  NIFTR  (Near-Isothermal  Flowing  Test  Rig).  The  details 
of  the  rig,  the  measuring  techniques  employed,  and  the  data- 
reduction  procedures  used  arc  described  elsewhere.**-^  The 
experiments  conducted  to  obtain  the  data  shown  in  Figs.  1 
and  2  employed  a  constant  temperature  of  185  K.  Figure  1 
shows  the  consumption  of  dissolved  oxygen;  Figure  2 
shows  the  surface-deposition  rate  with  stress  duration.  It  is 
important  to  note  that  the  stress  duration  for  the  oxygen- 
consumption  data  is  varied  by  changing  the  residence  time 
(flow  rate)  in  a  fixed-length  heated  tube,  whereas  the  stress 
duration  in  Fig.  2  represents  the  location  of  the  fuel  element 
moving  at  a  constant  velocity  (flow  rate).  In  the  absence  of 
surface  reactions,  these  two  times  should  represent  the  same 
under  isothermal  conditions.  Since  the  thermal-deposition 
process  is  significantly  affected  by  the  surface  reactions,  the 
stress  time  obtained  with  constant  velocity  may  not 
represent  the  events  recorded  at  the  same  stress  time 
obtained  by  varying  the  velocity.  For  this  reason, 
calculations  were  made  using  a  CFDC  code  known  as 


“foul2d”  for  the  individual  experiments.  A  brief  description 
of  the  code  is  given  bellow  [details  are  given  in  Ref.  (9)]: 

Fluid  motion  inside  the  tubular  test  section  is  assumed 
to  be  axisymmetric  and  bounded  by  the  fiicl-deposit 
interface.  The  time-dependent  Navier-Stokes  equations  along 
with  the  turbulent-energy,  species-conservation,  and 
enthalpy  equations  arc  solved  in  the  x-r  cylindrical 
coordinate  system.  The  transport  properties  along  with  the 


Fig.  1,  Measured  oxygen  consumption  in  POSF-2827  and 
POSF-2747  blends. 
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Fig.  2.  Measured  surface  deposition  rate  in  POSF-2827  and 
POSF-2747  blends. 
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enthalpy  and  density  at  a  given  temperature  arc  obtained 
from  the  curve  fits  developed  for  Jct-A  fuel.  The  govermng 
equations  are  discretized  utilizing  a  hybrid  scheme^^  which  is 
a  second-order  central-differencing  scheme  everywhere  but 
changes  to  a  first-order  upwind  scheme  when  the  local 
Peclet  number  becomes  greater  than  two.  An  implicit 
^proach  is  employed  to  advance  the  calculations  using  a 
large  time-step.  This  allows  the  calculations  to  be 
performed  for  real  times  ranging  from  minutes  to  thousands 
of  hours.  For  the  turbulent-flow  calculations,  wall  functions 
have  been  used  to  determine  the  variations  of  the  flow 
variables  near  the  fuel-deposit  interface. 

Predictions  for  the  thermal-stability  of  the  blended  fuels 
were  made  using  the  nine-step  global  chemistry  model 
described  previously.  The  calibration  parameters  in  this 
model  are  1)  the  activation  energy  and  the  pre-exponential 
factor  for  the  autoxidation  reaction  (5a)  and  2)  the 
concentration  of  F,  which  represents  the  amount  of  sulfur 
compounds  present  in  fuel.  Using  the  experimental  data 
obtained  for  the  neat  POSF-2827  and  POSF-2747  fuels,  the 
global  nine-step  models  were  calibrated.  The  rate  constants 
obtained  for  the  autoxidation  of  POSF-2827  are  =  4.4  x 
10^^  mole/mVs  and  £5^  =  32,000  cal/mole/K,  and  the 
concentration  of  F^  was  found  to  be  100  ppm.  Similarly, 
the  calibration  parameters  obtained  for  POSF-2747  arc  Aj*  = 
2.0  X  10^"*  mole/mVs,  £5,^  =  32,000  cal/mole/K,  and  F,  = 
1.2  ppm.  Once  the  models  for  the  neat  fuel  are  calibrated 
then  the  global-chemistry  model  for  a  mixture  of  these  two 
neat  fuels  is  obtained  by  weight  averaging  of  the  pre¬ 
exponential  and  Fs  values  (note  that  the  activation  energies 
arc  the  same).  The  weighting  factors  were  determined  from 
the  mass  fractions  of  POSF-2827  and  POSF-2747  fuels  in 
the  blend. 

Results  obtained  in  the  form  of  oxygen  consumption 
and  surface  deposition  for  the  two  neat  fuels  and  three  blends 
are  shown  in  Figs.  3  and  4,  respectively.  Here,  the 
percentage  number  indicates  the  amount  of  POSF-2827 
present  in  the  blend.  The  neat  POSF-2747  fuel  is  refened  to 
as  0%  blend.  As  expected,  the  model  predicted  that  the 
oxygen-consumption  rates  for  the  blended  fuels  fall  between 
the  rates  obtain^  for  the  two  neat  fuels.  In  general,  as  the 
oxygen  consumption  rate  increases  with  dilution  of  POSF- 
2827,  the  location  of  the  peak  deposition  rate  shifts  toward 
shorter  stress  times.  Interestingly,  the  magnitude  of  the 
peak  deposition  rate  initially  increased  for  a  dilution  of  up 
to  50%  and  then  decreased  with  fiirtfier  dilution.  The 
predictions  for  oxygen  consumption  (Fig.  3)  and  deposition 
(Fig.  4)  obtained  with  the  nine-step  global-chemistry  model 
qualitatively  agree  with  the  respective  experimental  data  in 
Figs.  1  and  2.  The  measured  oxygen-consumption  rate  fa* 
the  blended  fuels  falls  in  between  the  rates  obtained  for  the 
two  neat  fuels,  and  the  peak  deposition  rate  initially 
increases  with  dilution  of  POSF-2827.  However,  a  critical 
comparison  of  predictions  and  measurements  reveals  some 
important  deficiencies  of  the  nine-step  thermal-stability 
model. 


The  experimental  data  in  Fig.  1  suggest  that  when 
POSF-2747  is  ?ddad  to  POSF-2827,  the  rate  of 
consumption  of  dissolved  oxygen  does  not  change 
significantly  for  dilution  of  up  to  75%  but  then  iiuneases 
nearly  exponentially  with  further  dilution.  Jones  et  al.^' 
attributed  this  behavior  to  excess  amounts  of  antioxidants 
present  in  the  straight-run  POSF-2827  fuel.  Antioxidants  in 
a  fuel  are  known  to  tie-up  the  flee  radicals  that  are  necessary 


Fig.  3.  Oxygen  consumption  in  POSF-2827  and  POSF- 
2747  blends  predicted  using  nine-step  global-chemistry 


Fig.  4.  Surface  deposition  rate  in  POSF-2827  and  POSF- 
2747  blends  predicted  using  nine-step  global-chemistry 
model. 
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for  the  autoxidation  process.  Usually  small  amounts  of 
antioxidants  are  sufficient  to  affect  the  autoxidation  process. 
On  the  other  hand,  the  negligible  amount  of  antioxidants 
present  in  the  hydrotreated  POSF-2747  fuel  does  not 
influence  the  autoxidation  process  and,  hence,  dissolved 
oxygen  is  consumed  rapidly  in  this  neat  fuel.  When  POSF- 
2827  is  diluted  with  antioxidant-free  POSF-2747,  the 
effective  concentration  of  antioxidant  appears  to  decrease 
exponentially  with  dilution.  On  the  other  hand,  since  the 
autoxidation  reaction  (5a)  used  in  the  nine-step  global  model 
is  not  a  direct  function  of  antioxidant  concentration  (it  needs 
to  be  calibrated  for  a  given  fuel),  the  autoxidation  in  blended 
fuels  decreases  exponentially  with  contamination  of  POSF- 
2747  fuel  by  POSF-2827  fuel.  Note  that  in  the  model,  the 
blended  fuels  are  treated  as  linear  combinations  of  the  two 
neat  fuels  with  respect  to  every  constituent  species. 

Since  the  oxygen  consumption  in  the  blended  fuel  was 
not  altered  significantly  for  dilution  of  up  to  75%  (with 
respect  to  POSF-2827),  the  location  of  the  peak  deposition 
rate  in  the  experiments  (Fig.  2)  did  not  move  significantly 
from  that  of  the  neat  POSF-2827.  For  the  other  blends 
having  more  diluted  POSF-2827,  the  peak-deposition-rate 
location  followed  the  oxygen-consumption  rate  and  shifted 
exponentially  toward  shorter  stress  times.  The  peak 
deposition  rate  for  all  blends  having  at  least  6.3%  POSF- 
2827  is  higher  than  that  for  the  neat  POSF-2827  .  This 
higher  deposition  rate  is  attributed  to  the  higher  steady-state 
concentrations  of  hydroperoxides  which  mainly  buildup 
when  the  oxygen  consumption  is  delayed  by  antioxidants. 
The  termination  reaction  (If)  is  thought  to  be  the  main 
pathway  responsible  for  deposition  in  jet  fuels.  The 
precursor-formation  reaction  (5c)  in  the  nine-step  global- 
chemistry  model  represents  this  termination  process;  hence, 
the  predicted  peak  deposition  rate  increases  when  the  neat 
POSF-2827  is  diluted  up  to  -40%  with  POSF-2747. 
However,  the  amount  of  increase  is  much  smaller  than  Aat 
obtained  in  the  experiments.  This  could  be  due,  in  part,  to 
the  difficulty  in  predicting  oxygen-consumption  rates  for  the 
blended  fuels. 

Modified  Nine-Step  Model: 

A  close  look  at  the  semi-detailed,  thermal-stability 
model  [Eqs.  (la)-(lf)]  suggests  that  the  termination  of 
hydroperoxides  due  to  sulfe  compounds  (R’S)  affects  the 
propagation  as  well  as  the  termination  reactions.  On  the 
other  hand,  F,  in  the  nine-step  model  influences  only  the 
termination  of  hydroperoxides,  having  no  bearing  on  the 
autoxidation  reaction  (5a)  and,  hence,  on  the  production  of 
hydroperoxides.  Recently,  Ervin  et  al.^^  incorporated  the 
autoxidation  mechanism  described  by  Zabamick^  into  the 
“foul2d”  code  and  demonstrated  that  the  rate  of  consumption 
of  oxygen  in  the  fuel  can  be  controlled  by  varying  the 
concentration  of  antioxidant  or  sulfur  compounds.  This 
mechanism  consists  of  17  bulk-phase  reactions  for  the 
autoxidation  process  alone.  When  this  mechanism  is 


combined  with  the  insoluble-formation  and  wall  reactions  to 
obtain  a  comprehensive  description  for  the  thermal  stability 
of  fuel,  the  resulting  model  (still  a  global  one)  could 
become  very  complicated  and  the  number  of  “unknowns”  in 
the  model  could  make  the  calibration  procedure  using  the 
limited  data  a  near-impossible  task.  Further  research  must 
be  performed  to  determine  the  rate  constants  firom  the  first 
principles  for  at  least  some  of  the  reactions  involved  in  this 
model.  Therefore,  even  though  such  comprehensive  models 
could  be  extremely  useful  in  undostanding  specific 
processes  such  the  antioxidant  behavior  in  fuels, 
incorporation  of  these  models  into  the  global-chemistry 
models  for  fuel  thermal  stability  may  not  be  possible  in  the 
near  future.  As  an  alternative  ^proach,  some  of  the 
problems  associated  with  the  nine-step  model  in  predicting 
the  blended-fiiel  characteristics  can  be  overcome  by  making 
F,  in  the  model  influencing  all  the  reactions  directly  or 
indirectly.  This  can  easily  be  done  by  treating  the  six 
reactions  (5aK5f)  as  global  reactions  {i.e.,  reaction  rate 
could  be  a  function  of  reactants  as  well  as  other  species). 
The  proposed  modifications  for  the  rate  expressions  of  the 
six  reactions  (5a)-5(f)  are  as  follow: 


r  -.0.4  ('rEj.'l 

(5g) 

a. 

(5h) 

ksc  =  [fJ[ROOH]a ^  (5i) 


ks. 

ksf 


=  [F,][ROOH]Ajee^‘‘^) 


(5k) 

(51) 


Here.  [02]i„  represents  the  initial  concentration  of  dissolved 
oxygen  present  in  the  fuel  and  F,,  the  equivalent 
concentration  of  sulfur  compounds  and  antioxidants. 
According  to  the  new  rate  expression  (5g)  for  the 
autoxidation  reaction  (5a),  the  rate  of  consumption  of 
oxygen  decreases  as  the  concentration  of  F^  increases.  A 
hydrotreated  fuel  with  a  very  low  value  of  F^  depletes  the 
dissolved  oxygen  rapidly.  However,  the  modification 
incorporated  to  the  rate  expression  for  reaction  (5a)  affects 
the  production  of  ROOH  as  well.  The  semi-detailed  model 
for  thermal  stability  suggests  that  the  rate  of  oxygen 
consumption  in  the  fuel  is  controlled  by  the  steady-state 
concentration  of  ROOH  which  is  modified  by  the  presence 
of  antioxidants  and  sulfur  compounds.  Therefore,  the  r^id 
buildup  of  ROOH  with  decreasing  F,  in  the  modified  nine- 
step  model  is  controlled  by  accelerating  the  conversion  of 
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ROOH  into  solubles  using  Eq.  (5h).  The  rate  expression 
(5i)  is  the  same  as  the  one  used  in  the  original  model. 

Several  experiments  have  shown  that  the  rate  of  surface 
deposition  decreases  to  a  near-zero  value  as  the  oxygen  in 
the  fuel  is  completely  consumed  which  means  that  certain 
products  general  during  the  oxidation  of  fuel  tend  to 
remove  Ae  deposit-forming  precursor.  This  effect  is 
integrated  into  the  nine-step  global  model  by  making  the 
rate  expression  (5j)  for  the  precursor-destruction  reaction 
proportional  to  the  amount  of  oxygen  depleted.  The 
production  of  bulk  particles  in  the  modified  nine-step  model 
is  also  set  proportional  to  the  concentration  F*,  and  their 
agglomeration  is  limited  by  replacing  power  1  with  0.4  in 
Eq.  (51). 

The  modified  nine-step  model  is  used  to  predict  the 
thermal-stability  characteristics  of  the  blended  fuels.  The 
activation  energy  and  pre-exponential  factors  for  the  six 
bulk-phase  and  three  wall  reactions  used  were  the  same  as 
those  calibrated  for  the  neat  POSF-2827  fuel  and  F,  in  this 
fuel  was  fixed  at  100  ppm.  The  neat  fuel  POSF-2747  is 
treated  mathematically  in  the  same  way  as  the  POSF-2827 
fuel  except  that  the  concentration  of  F,  is  only  1.2  ppm. 
Therefore,  only  one  set  of  rate  constants  was  used  for  the 
simulation  of  thermal-stability  characteristics  of  two  neat 
fiiels  and  their  blends. 

The  oxygen-consumption  and  surface-deposition  rates  in 
different  mixtures  of  POSF-2827  and  POSF-2747  fuels  are 
shown  in  Figs.  5  and  6,  respectively.  As  the  neat  POSF- 
2827  is  diluted  witii  the  hydrotreated  POSF-2747  fuel,  the 
oxygen-consumption  rate  increases  slightly  for  dilution  up 
to  75%  and  then  increases  rapidly  with  further  dilution. 
These  consumption  rates  agree  very  weU  with  those 
obtained  in  the  experiments  (Fig.  1).  Following  oxygen 
consiunption,  the  location  of  the  peak  deposition  rate  in 
Fig.  6  for  the  blends  also  shifts  toward  shorter  stress  times— 
initially  slowly  and  then  more  rapidly  with  POSF-2747 
dilution.  The  mixture  of  25%  POSF-2827  and  75%  POSF- 
2747  yields  the  highest  deposition  rate  of  -  27  mg/hr/cc. 
The  peak  deposition  rates  for  different  blends  and  neat  fuels 
correspond  well  to  those  measured  by  Jones  et  al.^* 

The  modified-nine-step  model  was  developed  to  predict 
the  concentrations  of  bulk  deposits  in  stressed  fuel  along 
with  oxygen-consumption  and  surface-deposition  rates.  Bulk 
deposits  in  the  experiments  are  usually  measured  by  placing 
a  sub-micron-size  filter  in  the  fuel  passage.  Jones  et  al.^* 
collected  the  bulk  deposits  in  different  blended  fuels  of 
POSF-2827  and  POSF-2747  by  placing  a  sub-micron-size 
filter  in  the  fuel  stream  immediately  downstream  of  the 
heated-tube  test  section.  Therefore,  the  calculated 
concentrations  of  bulk  deposits  present  in  the  fuel  at  the  end 
of  the  heated-tube  section  were  obtained  for  different  fuel 
blends  in  the  present  simulations  and  plotted  in  Hg.  7 
along  with  the  total  amount  of  surface  deposits.  The  latter 
was  obtained  by  integrating  the  area  under  each  curve  shown 
in  Fig.  6.  The  corresponding  data  obtained  from  the 
experiments^^  are  shown  in  Fig.  8.  As  the  POSF-2827  fuel 


is  mixed  with  POSF-2747,  both  the  bulk  and  surface 
deposits  (or  insolubles)  increase  for  dilution  up  to  25%  with 
respect  to  the  former  fael.  While  the  neat  POSF-2827  fuel 
yields  more  surface  deposits  than  bulk  deposits,  the  forma 
gradually  decreases  with  POSF-2747  dilution,  whereas  foe 
latter  g^ually  increases.  Calculations  showed  that  when 
the  dilution  level  is  increased  to  50%,  bulk  insolubles 
exceed  those  collected  on  the  surface.  As  dilution  is 


Fig.  5,  Oxygen  consumption  in  POSF-2827  and  POSF- 
2747  blends  predicted  using  modified  nine-step  global- 
chemistry  model. 
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Fig.  6.  Surface  deposition  rate  in  POSF-2827  and  POSF- 
2747  blends  predicted  using  modified  nine-step  global- 
chemistry  model. 
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increased  beyond  the  25%  level,  both  the  surface  and  bulk 
deposits  decrease  rapidly,  and  a  very  small  amount  of 
deposits  is  predicted  for  neat  POSF-2747  fuel.  Similar 
trends  in  bulk  and  surface  deposits  with  respect  to  dilution 
of  POSF-2827  with  POSF-2747  were  observed  in  the 
experiments  of  Jones  ct  al.^*  As  shown  in  Figs.  7  and  8, 
gocxl  agreement  between  the  predictions  and  experimental 
data  was  obtained. 
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Fig.  7.  Predicted  total  amount  of  surface  and  bulk  deposits 
in  POSF-2827  and  POSF-2747  blends. 


The  calculated  and  measured^*  hydroperoxide 
concentrations  for  different  fuel  blends  arc  shown  in  Figs.  9 
and  10,  respectively.  In  general,  the  concentration  of  ROOM 
with  the  contamination  of  POSF-2747  with 
POSF-2827.  The  low  concentration  of  sulfur  compounds  in 
the  hydrotreated  fuel  is  responsible  for  the  build-up  of 
ROOH.  In  contrast,  the  high  concentration  of  Fs  in  the 
straight-run  fuel  (POSF-2827)  is  consuming  most  of  the 


Hg.  9.  Predicted  hydroperoxides  in  POSF-2827  and  POSF- 
2747  blends. 
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Fig.  8.  Total  quantity  of  surface  and  bulk  deposits  formed  in 
POSF-2827  and  POSF-2747  blends. 
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Fig.  10.  Measured  hydroperoxides  in  POSF-2827  and 
POSF-2747  blends. 
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hydroperoxides  formed  during  the  autoxidation  process.  In 
neat  POSF-2747  the  concentration  of  ROOH  has  increased 
rapidly  with  stress  duration,  reaching  a  maximum  value  at 
about  3  min.  The  qualitative  agreement  between  tiie 
predicted  and  measured  concentrations  for  ROOH  seems 
reasonable,  especially  considering  the  fact  that  a  significant 
amount  of  uncertainty  exists  in  the  measurements  for 
ROOH.  The  major  discrepancy  can  be  noted  from  the  data 
obtained  for  neat  POSF-2747  in  Figs,  9  and  10.  While 
calculations  yielded  rapid  consumption  of  ROOH  after  a 
maximum  at  -  3  min,  the  experiments  showed  a  steady 
concentration  at  all  times  after  3  min  of  stressing. 
Interestingly,  even  in  the  blended  fuel  having  nearly  93.3% 
POSF-2747  (i.e.,  6.3%  of  POSF-2827),  hydroperoxide 
depletion  began  soon  after  the  maximum  was  reached.  To 
understanding  the  observed  peculiar  behavior  of  neat  POSF- 
2747,  further  investigations  will  be  required. 

The  bulk  deposits  shown  in  Fig.  7  were  obtained  at  the 
end  of  the  heated-tube  section,  and  the  surface  deposits 
shown  in  Figs.  6  and  7  were  obtained  at  the  tube  surface.  A 
majority  of  these  surface  deposits  arc  resulting  from  the 
transport  of  precursor  (P)  in  the  bulk  fuel  to  the  walls.  The 
distributions  of  bulk  precursor  and  deposits  in  the  heated 
tube  are  shown  in  Figs.  11  and  12,  respectively.  The  bulk 
precursor  concentrations  closely  follow  the  surface- 
deposition  rates  shown  in  Fig.  6  for  these  isothermal 
conditions.  Also,  the  identical  shapes  of  the  plots  in  Figs.  6 
and  1  i  suggest  that  the  fraction  of  precursor  lost  to  the 
walls  during  the  deposition  process  is  quite  insignificant 
Most  of  the  precursor  is  converted  to  solubles  through 
reaction  (5d).  As  seen  in  Fig.  12,  the  concentration  of  bulk 
deposits  has  increased  almost  linearly  and  then  reaches  a 
constant  value.  The  agglomeration  process  seems  very  slow 
at  this  temperature  of  185  K. 

Figure  1 3  shows  the  distribution  of  velocity, 
temperature,  and  concentration  of  Oj,  ROOH,  P,  and 
within  the  test-section  for  the  neat  POSF-2827  case.  At  this 
low  flow  rate  of  0.25  cc/min,  the  flow  became  as  a  fully 
developed  laminar  one  and  most  of  the  flow  is  unto 
isothermal  conditions.  Oxygen  [Fig.  13(c)]  is  consumed 
gradually,  and  oxygen-free  fuel  is  established  in  the  second 
half  of  the  test-section.  During  the  autoxidation  process,  the 
concentration  of  ROOH  remained  nearly  constant,  as  seen  in 
Fig.  13(d).  The  modified  nine-step  model  simulates  steady- 
state  concentrations  for  ROOH— very  similar  to  the  semi- 
detailed  oxidation-model  predictions.  Interestingly,  even 
though  the  fuel  in  the  test-section  is  under  isothermal 
conditions,  the  concentrations  of  different  species  are  not 
uniform  within  the  tube  cross  section  because  of  the  small 
heating  zone  at  the  entrance  of  the  test-section.  Among  the 
species  considered,  the  bulk  particles  show  the  most 
significant  variation  across  the  tube  cross  section. 


Summary  and  Conclusions: 

Although  vast  amount  of  experimental  data  has  been 
obtained  by  several  researchers,  the  exact  mechanisms 
governing  thermal  degradation  of  fuels  and  the  consequent 
deposit-formation  process  arc  still  largely  unknown, 
primarily  because  the  fluid  flow  and  heat  transfer  which 
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Fig.  11.  Predicted  concentrations  of  precursor  in  bulk  fuel 
as  POSF-2827  and  POSF-2747  blended  fuel  passes  through 
the  heated  tube. 


Fig.  12.  Predicted  concentrations  of  solids  in  bulk  fuel 
(Dbulk)  as  POSF-2827  and  POSF-2747  blended  fuel  passes 
through  the  heated  tube. 
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influence  the  deposition  process  vary  significantly  from 
experiment  to  experiment  It  is  thought  that  CFDC  models 
can  be  used  to  correlate  the  data  obtained  from  varioi^ 
experiments  and,  thereby,  explore  the  large  data  base  in 
attempts  to  understand  the  deposition  phenomenon.  The 
success  of  this  approach  dq)ends  on  the  accuracy  of  the 
global-chemistry  models  used  in  the  CFDC  codes.  Different 
global-chemistry  models  that  arc  developed  recently  have 
been  described  in  this  paper  as  well  as  their  relationship  with 
respect  to  current  understanding  on  the  semi-detailed 

chemistry  for  jet-fuel  thermal  stability. 

Recent  experiments  on  blended  fuels  prepared  by  mixing 
hydrotreated  fiiel  with  a  non-hydrotreated  fuel  suggest  that  the 
thermal  stability  of  the  blend  cannot  be  linearly  extrapolated 
from  the  thermal-stability  characteristics  of  the  neat  fuels. 
Calculations  were  performed  using  the  CFDC  code  known  as 
“fouI2d”  for  the  prediction  of  the  thermal-stability  behavior 
of  fuel  blends.  The  global-chemistry  models  developed 
previously  were  found  to  be  insufficient  for  simultaneous 
prediction  of  the  deposition  and  oxidation  rates  associated 
with  the  blend  fuels.  However,  the  recently  developed  nine- 
step  model  appears  to  yield  qualitatively  correct  results.  The 
rate  expressions  for  the  bulk-fuel  reactions  in  the  nine-st^ 
model  were  modified  to  incorporate  antioxidant  behavior  in 
jet  fuels.  The  modified  nine-step  global-chemistry  model  not 
only  improves  the  accuracies  in  predicting  quantities  such  as 
oxygen  consumption  and  surface  deposits  but  also  provides 
additional  capabilities  for  predicting  quantities  such  as 
hydroperoxides  and  bulk  insolubles. 
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INTRODUCTION 

Studies  on  the  pyrolysis  and  coke  formation  of  hydrocarbon  fuels  have 
continued  for  several  decades.  Most  of  these  studies  were  performed  at  low 
pressure  (atmospheric)  and  high  temperature  (>  600X)  conditions  due  to  the 
requirements  of  petroleum  industry.  A  typical  fuel  system  in  aircraft  is 
operated  at  high  pressure  (between  3.4  and  6.9  MPa)  and  relatively  low 
temperahire  (<  600“  C)  conditions  (1).  Only  limited  studies  were  done  under 
such  environments  (2-4).  But  those  have  focused  on  the  investigation  of  fuel 
pyrolysis,  without  addressing  the  issue  of  coke  formation. 


The  pyrolysis  of  hydrocarbon  fu¬ 
els  in  fuel  lines  is  accompanied  by 
coke  deposits.  Earlier  efforts  on  the 
modeling  of  coke  formation  in  avia¬ 
tion  fuels  were  concentrated  at  a 
lower  temperature  range  (<  400“C). 
The  deposits  formed  at  such  tempera¬ 
ture  range  are  mainly  autoxidative. 
Therefore,  the  deposition  mecha- 
rusms  developed  in  earlier  studies  (5, 
6)  can  not  be  used  to  simulate  the  jet 
fuel  deposition  imder  pyrolytic  con¬ 
ditions.  A  few  studies  were  con¬ 
ducted  in  the  modeling  of  pyrolytic 
deposition  for  hydrocarbon  ^els  (7- 
11).  But  the  models  developed  by 
these  authors  are  for  use  in  the  petro¬ 
leum  industry  (i.e.,  low  pressure  and 
high  temperature  conditions).  Direct 


use  of  these  models  in  predicting  the 
pyrolytic  deposition  of  aviation  fuels 
may  not  be  suitable.  To  authors 
knowledge,  models  for  describing  the 
pyrolytic  deposition  of  aviation  fuels 
are  yet  to  be  developed. 

In  the  present  study,  pyrolysis 
and  pyrolytic  deposition  of  Norpar- 
13  under  high  pressure  and  relatively 
low  temperature  (<600“C)  conditions 
are  investigated  both  experimentally 
and  numerically.  This  article  empha¬ 
sizes  the  modeling  work.  Thermal 
cracking  of  Norpar-13  is  described  by 
a  one-step  global  model,  and  pyro¬ 
lytic  deposition  is  described  as  a  zero- 
order  surface  reaction.  The  cracking 
and  deposition  models  are  imple- 


EXPERIMENTAL 

Norpar-13  flows  in  an  upward 
direction  through  Silcosteel  passi¬ 
vated  tubing  (12)  (0.125  in  o.d.  and 
0.085  in  i.d).  at  room  temperature  and 
1000  psia  (>  critical  pressure  of  Nor- 
par-13).  The  tube  is  painted  with  a 
flat-black  high-temperature  paint  to 
maintain  a  constant  emissivity.  The 
tube  is  electrically  heated  by  passing 
a  high  current  tlniough  the  length  of 
the  tube.  The  test  duration  for  each 
run  is  6  hours.  Several  fuel  flow  rates 
(ranging  from  10  to  30  ml/ min),  bulk 
fuel  temperatures  at  tube  exit  (rang¬ 
ing  from  570  to  600“  C),  and  tube 
lengths  (24, 42,  and  60  in)  are  tested. 
Wall  temperatures  are  measured  us¬ 
ing  an  optical  pyrometer,  cracked  gas 
products  collected  at  tube  exit  are 
analyzed  using  gas  chromatography 
(GC),  and  the  quantity  of  deposits  on 
the  wall  surface  is  determined  using 
standard  surface  carbon  burn-off 
technique  (13). 

Numericai 

Fyrolysis  Model 

Based  on  our  measurements,  the 
distribution  of  cracked  gas  products 
are  similar  for  the  ranges  of  tempera¬ 
ture  and  flow  rate  tested.  This  obser¬ 
vation  implies  that  the  thermal 
cracking  of  Norpar-13  under  the  con¬ 
ditions  examined  can  be  approxi¬ 
mated  as  a  one-step  global  reaction, 
i.e.. 
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Norpar-13  p  Products 


1) 

Oidy  gas  composition  are  consid¬ 
ered  for  the  cracked  products  in  Eq. 
1).  The  composition  of  gas  products  is 
obtained  from  measurements.  After 
knowing  the  product  composition, 
the  coefficient  p  is  determined  based 
on  the  mass  conservation  of  the  crack¬ 
ing  reaction.  According  to  Yu  and 
Eser  (4),  supercritical  thermal  crack¬ 
ing  of  n-alkanes  or  mixtures  of  n-al- 
kanes  can  be  represented  by  a 
first-order,  Arrenenius-type  kinetic. 
Because  Norpar-13  is  a  mixture  of  n- 
alkanes,  the  cracking  rate  of  Eq.  1)  is 
expressed  as: 

-d[Norpar-13]/dt  =  k  [Norpar-13] 
and  2) 

k  =  Ae(*^/RuT) 

where  k  is  the  rate  constant,  A  the 
pre-exponential  factor,  E  the  activa¬ 
tion  energy,  Ru  the  universal  gas  con¬ 
stant,  and  T  the  reaction  temperature. 
The  rate  constant  k  in  Eq.  2)  is  esti¬ 
mated  by  linear  combination  of  the 
rate  constants  for  the  thermal  crack¬ 
ing  of  pure  compounds  (4).  The  calcu¬ 
lated  pre-exponential  factor  A  and 
activation  energy  E  are  3.64.xl0l5 


(kmole/m^s)  and  63  (kcal/mole),  re¬ 
spectively. 

Deposition  Model 

Pyrolytic  deposition  is  believed 
to  be  closely  related  to  fuel  p5a:olysis. 
Therefore,  it  is  difficult  to  develop  a 
deposition  model  without  knowing 
the  details  of  pyrolysis.  However,  our 
experimental  results  suggest  that  py¬ 
rolytic  deposition  can  be  well  repre¬ 
sented  as  a  unique  function  bf  waU 
temperature  (see  Figure  1).  This  ob¬ 
servation  implies  that  1)  the  surface 
reactions  along  the  waU,  not  the  pyro¬ 
lytic  reactions  in  the  bulk  flow  region, 
dominate  the  formation  of  pyrolytic 
deposits,  and  2)  conversion  of  Nor- 
par-13  does  not  play  an  important 
role  in  affecting  coke  formation. 
Based  on  these  two  arguments,  a 
zero-order,  surface-reaction  model  is 
proposed  to  describe  the  p3n:olytic 
deposition  of  Norpar-13,  ie., 

Norpar-13  ->  Deposits  3) 

and  the  reactions  rate  is  expressed  as 

R = Awc("^w  4) 


where  R  is  the  reaction  rate.  Aw  the 
pre-exponential  factor,  Ew  the  activa¬ 
tion  energy,  and  Tw  the  waU  tempera¬ 
ture.  Aw  and  Ew  are  determined  by 
fitting  the  experimental  data  shown 
in  Figure  1.  The  best  fitted  values  for 
Aw  and  Ew  are  2.0x1016  (jig/cm^h) 
and  60  (kcal/mole),  respectively  (see 
Figure  1). 

Numerical  Method 

The  thermal  cracking  model  de¬ 
scribed  above  is  incorporated  in  CFD- 
ACE,  a  commercial  CFD  software 
developed  by  CFD  Research  Corpo¬ 
ration.  Numerical  simulation  of  Nor¬ 
par-13  pyrolysis  in  a  flowing  system 
is  then  performed  using  the  modified 
CFD-ACE  code.  In  the  simulation, 
fluid  motion  in  the  tube  is  assumed  to 
be  axisymmetric  and  in  steady-state. 
The  fluid  properties  of  the  nuxture 
(i.e.,  mixture  of  Norpar-13  and 
cracked  products)  are  estimated  us¬ 
ing  SUPERTRAPP  (14).  For  the  ther¬ 
mal  boundary  conditions,  uniform 
and  constant  heat  flux  is  applied 
along  the  tube  wall.  The  heating 
power  used  in  the  simulation  is  10% 
lower  than  the  experimental  value  to 
account  for  the  heat  loss  from  the  con¬ 
nection  between  clip  holder  and  fuel 
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Figure  3.  Comparison  of  predicted  deposition  rates  and  experimental  results  (iniet 
flow  rate:  10  and  12  ml/min,  bulk  exit  temperature:  570-580' C). 


Figure  4.  Comparison  of  predicted  deposition  rates  and  experimental  results  (inlet 
flow  rate:  20  ml/min,  bulk  exit  temperature:  595'C). 


tube.  Because  the  wall  temperature 
considered  in  the  studies  can  be  as 
high  as  900  K,  radiation  and  convec¬ 
tion  heat  loss  can  not  be  neglected. 
The  heat  loss  from  radiation  is  esti¬ 
mated  by  the  Stefan-Bolt23nann  law 
and  that  from  convection  is  estimated 
by  Newton's  law  of  cooling. 

RESULTS  AND  DISCUSSION 

Validation  of  Pyrolysis  Model 

The  Norpar-13  pyrolysis  model 
is  validated  using  experimental  data 
measured  using  a  60-in  tube  at  an 
inlet  flow  rate  of  10  ml/min  and  heat¬ 
ing  power  of  654  W.  Figure  2  shows 
the  predicted  axial  distribution  of 
wall  temperature  (solid  line  in  the  fig- 
iire).  The  three  sets  of  experimental 
data  in  the  figure  represent  the  meas¬ 
ured  temperatures  at  different  times 
during  the  experiment.  As  illustrated 
m  Figure  2,  predicted  waU  tem¬ 
perature  compares  well  with  experi¬ 
ment  data.  The  calculated  wall 
temperatures  at  other  flow  rates  ,bulk 
temperatures,  and  tube  lengths  are 
also  consistent  with  experimental 
data  (not  shown). 


Endothermic  Effect 

Aviation  fuel  is  used  as  primary 
cooling  source  for  removing  excess 
heat  generated  in  military  and  com¬ 
mercial  aircraft.  It  is  thus  important  to 
examine  the  endothermic  perform¬ 
ance  of  Norpar-13  pjTolysis  tmder 
high  pressure  conditions.  This  task  is 
performed  by  comparing  the  wall 
temperatures  predicted  using  the  nu¬ 
merical  models  with  and  without 
considering  pyrolytic  reactions.  The 
results  are  illustrated  in  Figure  2.  In 
the  upstream  region  (Le.,  from  tube 
inlet  to  axial  distance  of  0.8  m),  meas- 
\irements  as  well  as  two  simulation 
results  show  that  wall  temperature 
increases  along  the  axial  direction. 
The  wall  temperature  distributions 
predicted  by  both  models  agree  well 
with  experimental  data.  The  results  of 
this  comparison  suggest  that  the  en¬ 
dothermic  effect  of  Norpar-13  pyro¬ 
lysis  in  the  upstream  region  is 
negligible  because  the  fuel  tempera¬ 
ture  is  too  low.  In  the  downstream 
region  (i.e.,  from  axial  distance  of  0.8 
m  to  tube  outlet),  measurements  and 
two  simulation  results  show  that  the 
increase  of  wall  temperature  falls  as 
axial  distance  increases.  But  the  flat- 
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tening  trend  of  waU  temperature  pre¬ 
dicted  by  non-pyrolysis  model  is  not 
as  significant  as  that  predicted  by  py¬ 
rolysis  model.  The  comparison  in 
downstream  region  suggest  that  the 
flattening  trend  predicted  by  non-py- 
rolysis  model  is  due  to  the  radiation 
and  convection  heat  loss,  and  the  dif¬ 
ference  between  the  temperature  pre- 
dicted  by  pyrolysis  model  and 
experimental  data  results  from  the 
endothermic  effect  of  pyrolytic  reac¬ 
tions. 

Pyrolytic  Deposition 

The  proposed  zero-order  deposi¬ 
tion  model  for  Norpar-13  pyrolysis  is 
tested  against  several  sets  of  experi¬ 
mental  data.  The  test  conditions  in¬ 
clude  10  and  12  ml/min  of  inlet  flow 
rates,  570-5S0"C  of  bulk  exit  tempera¬ 
ture,  and  24, 42,  and  60  inches  of  tube 
lengths.  To  calculate  the  deposition 
rate,  the  wall  temperature  value  is 
obtained  from  the  calculation  using 
the  one-step  pyrolysis  model.  Figure 
3  shows  the  predicted  deposition-rate 
distributions  as  weU  as  experimental 
data.  For  all  the  conditions  examined, 
the  predicted  deposition  rates  match 
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well  with  experimental  data  not  only 
qualitatively  but  quantitatively. 

The  test  of  zero-order  deposition 
model  is  also  performed  at  higher 
flow  rate  (20  ml/min)  and  tempera¬ 
ture  (595*C  of  bulk  exit  temperature) 
conditions.  The  test  results  are  plot¬ 
ted  in  Figure  4.  The  predicted  deposi¬ 
tion  rates  again  quantitatively  agree 
well  with  experimental  data.  But  the 
predicted  axial  location  where  the  de¬ 
posits  increase  exponentially  is  ob¬ 
served  to  occur  earlier  than 
experimental  data  (see  Figure  4).  The 
difference  between  predictions  and 
measurements  may  not  result  from 
the  inadequacy  of  deposition  model. 
Instead,  it  may  result  from  the  differ¬ 
ence  in  predicted  wall  temperature 
and  measurements.  This  can  be  con¬ 
firmed  by  examining  the  deposition- 
rate  distribution  calculated  directly 
using  the  measured  wall  tempera¬ 
ture.  As  illustrated  in  Figure  4,  the 
predicted  axial  location  now  com¬ 
pares  well  with  experimental  data. 
The  test  results  suggest  that  wall  tem¬ 
perature  plays  an  essential  role  in  af¬ 
fecting  the  formation  of  pyrolytic 
deposition.  The  results  also  imply 
that  for  the  ranges  of  flow  rate  and 
temperature  studied,  the  effects  of 
bulk  fuel  temperature  and  fuel  con¬ 
version  on  pyrolytic  deposition  can 
be  neglected. 

CONCLUSIONS 

A  one-step  global  model  is  pro¬ 
posed  to  describe  the  pyrolysis  of 
Norpar-13  imder  high  pressure  con¬ 
ditions.  The  proposed  model  is  vali¬ 
dated  using  the  experimental  data 
obtained  at  different  flow  rates,  bulk 
fuel  temperatures,  and  tube  lengths. 
For  the  conditions  examined,  the 
model  predictions  agree  well  with 
measurements.  The  endothermic  ef¬ 


fect  of  Norpar-13  pyrolysis  is  exam¬ 
ined  by  modifying  the  radiation  and 
convection  heat  loss  in  the  calcula¬ 
tions.  From  our  predictions,  the  flat¬ 
tening  trend  of  wall  temperature 
distribution  (as  observed  in  the 
downstream  region  of  fuel  tube)  is 
due  to  combined  effects  of  heat  loss 
and  Norpar-13  pyrolysis. 

The  coke  deposits  resulted  from 
Norpar-13  pyrolysis  is  described  by  a 
zero-order,  surface-reaction  model. 
The  model  is  tested  at  different  flow 
rates  and  temperatures.  The  test  re¬ 
sults  indicate  that  wall  temperature 
plays  an  essential  role  in  affecting  the 
formation  of  pyrolytic  deposition. 
For  the  conditions  tested,  fte  pyro¬ 
lytic  deposition  rate  is  found  to  be 
well  represented  as  a  unique  function 
of  wall  temperature. 
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Abstract: 

A  three-step  global  model  is  developed  to  describe  the 
thermal  cracking  of  Norpar-13  under  supercritical  and 
near-critical  conditions.  This  cracking  iroxle!  is 
incorporated  into  a  multi-dimensional  Computational 
Ruid  Dynamics  (CFD)  code  to  simulate  the  heat/mass 
transfer  and  thermal  cracking  of  Norpar-13  in  flow 
systems.  The  proposed  model  is  tested  against  the 
experimental  data  measured  at  different  temperatures 
and  residence  times.  Agreement  is  obtained  when 
comparing  the  simulations  results  with  measurements. 
The  endothermic  effect  of  Norpar-13  thermal  cracking 
is  analyzed  using  the  validated  cracking  model.  The 
results  show  that  the  energy  absorbed  by  the  cracking 
reactions  has  importance  consequence  in  reducing  the 
fuel  and  wall  temperature  although  it  only  accounts  for 
a  small  portion  of  total  input  power. 


Introduction: 

Aviation  fuel  is  used  as  primary  cooling  source  for 
removing  excess  heat  generated  in  military  and 
commercial  aircraft.  The  amount  of  excess  heat  that 
fuel  can  absorb  is  limited  by  fuel  temperature.  Due  to 
thermal  stability  problems,  the  bulk  fuel  temperature  in 
aircraft  fuel  system  is  restricted  to  436  K  [1].  In  the 
future  the  fuel  system  will  be  operating  at  much  higher 
temperature  conditiorrs  (for  example,  800  K)  because  of 
the  requirements  of  increased  thermal  loads.  At  such 
high-temperature  environments,  thermal  cracking  and 
pyrolytic  deposition  of  fuel  occur.  Thermal  cracking  is  an 
endothermic  process  that  increases  the  fuel  cooling 
capacity.  But  pyrolytic  deposition  causes  serious 
problems  in  fuel  systems.  It  is  believed  that  the  deposit 
formation  is  closely  related  to  fuel  thermal  cracking. 
Therefore,  better  understanding  of  the  thermal  cracking 
mechanisms  for  jet  fuels  is  important  in  order  to  utilize 
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the  endothermic  features  of  thermal  cracking  reactions. 

Studies  on  the  thermal  cracking  of  hydrocarbon 
fuels  have  continued  for  several  decades.  Most  of 
these  studies  were  conducted  under  tow-pressure 
(atmospheric)  conditions  due  to  the  requirements  of 
petroleum  industry.  Typical  fuel  system  in  aircraft  is 
operated  under  supercritical  or  near-critical  (between 
3.4  and  6.9  MPa)  pressure  conditions  [2].  The 
mechanisms  of  fuel  thermal  cracking  under  low- 
pressure  conditions  may  be  different  from  those  under 
high-pressure  conditions.  Only  a  few  studies  were  done 
under  high-pressure  environments  [3-6].  But  those 
have  focused  on  the  investigation  of  thermal  cracking 
mechanisms  for  rxxmal  alkanes.  Thermal  cracking 
mechanisms  for  Jet  fuels  under  high-pressure 
conditions  are  yet  to  be  developed. 

To  date,  the  thermal  cracking  chemistry  of 
hydrocarbon  fuels  (under  both  low-pressure  and  high- 
pressure  conditions)  is  still  unclear.  Consequentially, 
development  of  detailed  kinetic  models  for  fuel  thermal 
cracking  is  imposstole.  Alternatives  such  as  global 
chemistry  models  have  been  used  to  describe  fuel 
thermal  cracking.  One  method  for  developirrg  the  global 
kinetic  model  is  the  lumping  technique.  The  lumping 
method  have  been  employed  in  the  petroleum  industry 
to  develop  kinetic  models  for  the  (thermal  and  catalytic) 
cracking  of  practical  fuels  [7-10].  According  to  this 
method,  species  are  lumped  into  one  group  and  tr^ted 
as  a  pseudo  component  as  the  dynamic  behavior  of 
these  species  is  Independent  of  the  species 
composition  [11]. 

In  the  present  study,  a  three-step  global  model  is 
proposed  to  describe  the  thermal  cracking  of  Norpar-1 3 
under  high-pressure  conditions.  This  cracking  model  is 
developed  based  on  the  lumping  method  that  divides 
the  Norpar-1 3/products  mixture  into  Norpar-13,  cracked 
n-alkane  liquids,  cracked  1-alkene  liquids,  and  cracked 
gases.  The  cracking  model  is  implemented  in  a  multi¬ 
dimensional  CFD  code  (CFD-ACE)  to  simulate  the 
heat/mass  transfer  and  thermal  cracking  of  Norparr13 
under  near-critical  and  supercritical  conditions.  This 
model  is  tested  against  experimental  data  measured  at 
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various  temperatures  and  residence  times.  The 
simulated  results  for  all  test  conditions  are  found  to  be 
consistent  with  experimental  results.  Based  on  these 
simulation  results,  the  endothermic  effect  of  Norpar-13 
thermal  cracking  and  the  relative  importance  of  the 
cracking  reactions  are  analyzed. 

Experimental  Method: 

Norpar*13  flows  in  an  upward  direction  through 
Silcosteel  passivated  tubing  [12]  (3.175  mm  o.d.  and 
2.159  mm  i.d)  at  room  temperature  and  1000  psia  {> 
critical  pressure  of  Norpar-13).  The  tube  is  electrically 
heated  by  passing  a  high  current  through  the  length  of 
the  tube.  The  test  duration  for  each  run  is  6  hours.  Test 
conditions  with  fuel  flow  rate  from  10  to  30  ml/min,  bulk 
exit  temperature  from  843  to  873  K,  and  three  tube 
lengths  (0.6,  1.1,  and  1.5  m)  are  considered  in  the 
experiments.  Wall  temperatures  are  measured  using  an 
optical  pyrometer,  cracked  gas  and  liquid  products 
collected  at  tube  exit  are  analyzed  using  gas 
chromatography  (GC),  and  the  quantity  of  deposits  on 
the  wall  surface  is  determined  using  standard  surface 
carbon  bum-off  techniques  [13]. 

For  pure  compounds  like  dodecane  or  hexadecane, 
fuel  conversion  is  usually  determined  as  the  fraction  of 
the  disappearance  of  parent  fuel.  But  for  hydrocattx>n 
mixtures  like  gas  oils  or  jet  fuels,  this  definition  is  not 
practical.  To  quantify  the  cracking  level  of  jet  fuels, 
conversion  is  measured  based  on  the  liquid  volume 
change,  i.e.. 


Conversion  =  1- 


V(liquid)eri, 

V(Norpar13)wBt 


The  composition  of  cracked  gases  in  Eq.  (1)  is  adopted 
from  the  experimentai  data  measured  at  12  mi/min  of 
flow  rate  and  855  K  of  bulk  exit  temperature  (see  Table 
1).  From  our  experimental  observation,  the 
compositions  of  cracked  gases  collected  at  different 
temperatures  and  residence  times  are  similar. 
Therefore,  the  composition  of  the  cracked  gases  is 
treated  as  constant  in  the  model.  The  major 
components  of  cracked  liquids  in  Eq.  (2),  based  on  our 
experintental  analysis,  are  n-alkanes  and  1-alkenes. 
From  this  observation,  the  model  assumes  the  liquid 
products  are  composed  of  n-C„Hj„„jj  and  l-C^Hj,,,  {6  < 
m  <  10).  The  model  also  assumes  that  the  1-alkenes  in 
the  liquid  products  are  not  further  cracked  into  gas 
species.  The  above  assumption  is  based  on  the 
argument  that  1-alkenes  are  more  likely  to  form  2- 
alkenes  through  isomerization  reactions  or  to  form 
heavier  hydrocarbon  through  alkylation  reactions. 
According  to  the  descriptions  above,  Eqs.(2)  and  (3) 
are  modified  as 


Norpar-13  p  (n-alkanes  +  1-aikenes)  (4) 

n-alkanes  y  Gases  (5) 

The  compositiorrs  of  n-alkanes  and  1-alkenes  in  Eqs. 
(4)  and  (5)  are  adopted  from  the  experimental  data 
measure  at  1 6  ml/min  of  flow  rate  and  853  K  of  bulk  exit 
temperature  (see  Tables  2  and  3).  After  knowing,  the 
compositions  of  gas  and  liquid  products,  the  coefficient 
ot,  p,  and  Y  in  Eqs.  (1),  (4),  and  (5)  are  determined 
based  on  the  mass  conservation  of  each  cracking 
reaction. 

The  reaction  rates  of  Eqs.  (1),  (4)  and(5)  are 
assumed  to  follow  the  first-order.  Arrhenius-type 
kinAtics.  i.e.. 


according  to  the  definition  used  by  Edwards  and 
Anderson  [14].  In  the  above  equation,  V(Norpar13),„„ 
is  ttie  volume  of  Norpar-13  inlet  fed,  and  V(liquid)^  the 
volume  of  liquid  mixture  collected  at  tube  exit. 

Kinetic  Modeling: 

A  three-step  model  for  Norpar-13  thermal  cracking 
under  high-pressure  conditions  is  developed  using  the 
lumped  kinetic  approach.  The  Norpar-1 3/product 
mixture  is  first  lumped  into  parent  fuel  (Norpar-13), 
cracked  liquids,  and  cracked  gases.  The  cracking 
model  is  described  as 

Norpar-1 3  a  Gases  (1 ) 

Norpar-1 3  ->  p  Liquids  (2) 

Liquids ->  Y  Gases  (3) 

Norpar-13  in  Eq.  (1),  based  on  our  analysis,  is  made  up 
of  0.7  wt%  undecane,  15.0%  dodecane,  51.3% 
tridecane,  32.3%  tetradecane,  and  0.7^  pentadecane. 


-d[Norpar-1 3]/dt  =  k,  [Norpar-1 3] 

-d[Norpar-13)/dt  =  k<  [Norpar-1 3] 

-d[n-alkanes]/dt  =  kj  [n-alkanes] 
and 

k,  =Aie‘'^>*“^ 
k4=A.^e‘-^*“^ 

ks=Ase‘-^'^^  (6) 

where  k,  (I  =  1 , 4,  and  5)  is  the  rate  constanL  A,  the  pre¬ 
exponential  factor,  E,  the  activation  energy,  R,  the 
universal  gas  constant,  and  T  the  reaction  temperature. 
The  rate  constants  k,  and  k^  are  estimated  by  linear 
combination  of  the  rate  constants  for  the  thermal 
cracking  of  pure  compounds.  The  cracking  rates  of  the 
pure  compounds  are  adopted  from  the  correlation  of  Yu 
and  Eser  [15].  The  calculated  pre-exponential  factors 
and  activation  energies  are 

A,  =  A4  =  3.64  xIO”  (1/s) 
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Numerical  Method: 


and 

E,  =  E,  =  63  (kcal/rrole) 

The  linear  combination  method;  however,  can  not  be 
used  to  estimate  the  rate  constant  kj  due  to  the  lack  of 
information  on  the  cracking  rate  of  n-CjH„  and  n-C^H,, 
under  high-pressure  conditions.  The  kinetic  correlation 
in  [15]  is  only  good  for  the  range  n-C„Hjj  -  n-C^Hjo,  and 
extendible  to  the  range  n-CjH„  -  For  simplicity, 
ks  in  the  current  model  is  approximated  as  the  rate 
constant  of  n-C,H„  thermal  cracking.  Using  the 
correlation  in  [15],  A,  and  E,  are  calculated  as 
5.34jc10"  (1/s)  and  52.4  (kcal/mole),  respectively. 


Table  1.  Composition  of  gas  products  from  Norpar-13 
thermal  cracking 


Compound 

Chemical 

Formula 

Vol.% 

hydrogen 

1.99 

methane 

CH, 

10.64 

ethylene 

12.81 

ethane 

CA 

16.47 

propylene 

CA 

18.19 

propane 

C3H. 

13.73 

1 -butene 

C,H. 

13.85 

n-butane 

CJ^ 

1.86 

unidentified 

c:' 

10.46 

•  The  unidentified  C/  is  assumed  to  be  1-pentene  in 
the  model 


Table  2  Composition  of  n-atkanes  liquid  products  from 
Norpetr-IS  thermal  cracking 


Compound 

Chemical  Formula 

Vol.  % 

n-hexane 

C,H„ 

34.95 

n-heptane 

CM. 

25.48 

n-octane 

C.H„ 

16.46 

n-nonane 

C.M 

13.56 

n-decane 

_ ^ _ 

9.55 

Table  3  Composition  of  1-alkenes  liquid  products  from 
Norpar-13  thermal  cracking 


Compound 

Chemical  Formula 

Vol.  % 

1 -hexene 

31.43 

1-heptene 

c^„ 

24.16 

1-octene 

C.H,. 

18.60 

1-nonene 

C,H„ 

14.15 

1-decene 

_ C..M 

11.66 

The  thermal  cracking  model  described  above  is 
incorporated  in  CFD-ACE,  a  commercial  computational 
fluid  dynamics  software  developed  by  CFD  Research 
Corporation.  Numerical  simulations  of  Norpar-13 
thermal  cracking  in  flow  systems  are  then  performed 
using  the  modified  CFD-ACE  code.  In  the  simulation, 
fluid  motion  in  the  tube  is  assumed  to  be  axisymmetric 
and  in  steady-state.  The  flow  is  assumed  to  be 
turbulent,  and  is  simulated  using  the  standard  k-e 
model.  The  fluid  properties  of  the  Norpar-1 3/product 
mixture  are  estimated  using  SUPERTRAPP  [16].  For 
the  thermal  boundary  conditions,  uniform  and  constant 
heat  flux  is  applied  along  the  tube  wall.  The  heating 
power  used  in  tf^e  simulation  is  10-15  %  lower  than 
experimental  value  to  account  for  the  heat  loss  from  the 
connection  between  electrical  terminal  and  fuel  tube. 
Because  the  wall  temperature  considered  in  the  studies 
can  be  as  high  as  950  K,  radiation  and  convection  heat 
loss  can  not  be  neglected.  The  heat  loss  from  radiation 
is  estimated  by  the  Stefan-Boltzmann  law  and  that  from 
convection  by  Newton’s  law  of  cooling,  i.e., 

dioGs  ~  dconw  “  h(T,^  I'wai  “Xl) 

where  q;,.  represents  the  total  heat  loss,  q,^  the 
radiative  heat  loss,  q,^  the  convective  heat  loss,  T^ 
the  wall  temperature,  the  surrounding  temperature, 
o  the  Stefan-Boltzmann  constant,  e  the  emissivity 
determined  from  experimental  calibration,  and  h  the 
heat  transfer  coefficient  determined  from  the  correlation 
of  Churchill  and  Chu  [17]. 

Results  and  Discussion: 

Heat  Loss  Evaluation: 

As  mentioned  earlier  in  last  section,  the  heat  loss  to 
the  environment  is  not  negligible  in  the  current  study. 
Therefore  it  is  important  to  know  the  heat  loss  amount 
during  the  experiment  in  order  to  correctly  predict  the 
eqdothermic  effects  of  fuel  thermal  cracking.  The 
amount  of  heat  loss  is  determined  experimentally  by 
comparing  the  powers  used  to  heat  insulated  and  non- 
insulated  tubes.  The  test  is  perfonned  using  a  0.6-m 
tube  with  inlet  flow  rate  of  10  ml/min  and  bulk  exit 
temperature  of  843  K.  The  measured  powers  for 
heating  insulated  and  non-insulated  tubes  are  346.2 
and  463.5  W,  respectively.  The  fraction  of  heat  loss 
with  respect  to  the  input  power  is  calculated  as  25.3  %. 

The  evaluation  of  heat  loss  is  also  performed 
numerically  by  simulating  the  test  cases  described 
above.  The  non-insulated  case  is  simulated  by 
including  both  thermal  cracking  and  heat  loss  models  in 
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Figure  1.  Axial  distributions  of  wall  temperature 
calculated  using  a  0.6-m  tube  with  flow  rate  of  10 
ml/min  and  bulk  exit  temperature  of  847  K. 


Figure  2.  Axial  distributions  of  wall  temperature 
calculated  using  a  1.1-m  tube  with  flow  rate  of  10 
ml/min  and  bulk  exit  temperature  of  847  K. 


the  calculation,  and  the  insulated  case  is  simulated  by 
including  only  the  thermal  cracking  model  in  the 
calculation.  The  calculated  powers  for  heating  the 
insulated  and  non-insulated  tubes  are  325  and  460  W, 
respectively,  comparing  favorably  with  the  experimental 
values  above. 


0  0.2  0.4  0.6  0.8  1  1.2  1.4  1.6 

Axial  Distance  (m) 

Figure  3.  /^xial  distributions  of  wall  temperature 
calculated  using  a  1.5-m  tube  with  flow  rate  of  10 
ml/min  and  bulk  exit  temperature  of  848  K. 


Figure  4.  /Vxial  distributions  of  wall  temperature 
calculated  using  a  1.5-m  tube  with  flow  rate  of  12 
ml/min  and  bulk  exit  temperature  of  855  K. 


Cracking  Model  Validation: 

Six  test  cases  with  flow  rate  from  10  to  30  ml/min, 
bulk  exit  temperature  from  847  to  871  K,  and  tube 
length  from  0.6  to  1.5  m  are  simulated.  The  calculated 
wall  temperature  distnlautions  and  fuel  conversions  are 
compared  with  experimental  data.  Rgures  1-6  show  the 
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distributions  of  wall  temperature  obtained  from 
calculations  and  measurements  for  the  six  test  cases. 
In  the  figures,  the  circle,  triangle,  and  rectangular 
symbols  represent  three  sets  of  experimental  data 
measured  at  different  times  during  the  same 
experiment  and  the  solid  line  represents  the  simulation 
results.  For  all  cases  examined,  the  simulated  wail 
temperatures  match  experimental  data  both 
qualitatively  and  quantitatively.  The  calculated  and 
measured  conversion  values  for  the  six  test  cases  are 
listed  in  Table  4.  Except  Test  Case  6,  the  predicted 
conversion  values  agree  well  with  experimental  data. 
The  reason  to  cause  the  difference  between  the 
calculated  and  measured  conversions  for  Test  Case  6 
is  not  clear  at  the  current  stage.  It  may  either  attribute 
to  the  limitation  of  current  model  in  simulating  higher 
flow-rate  conditions,  or  the  uncertainties  of 
measurements. 


Table  4.  Measured  and  calculated  conversion  values 


Test 

No.* 

Test  Conditions  * 
(ml/min)  (K)  (m) 

Conversion  (%) 
Measurement  Calculation 

1 

10 

847 

0.6 

16.0 

15.0 

2 

10 

847 

1.1 

15.0 

15.6 

3 

10 

848 

1.5 

22.0 

20.5 

4 

12 

855 

1.5 

33.0 

29.2 

5 

20 

868 

1.1 

23.0 

23.0 

6 

30 

871 

1.1 

10.5 

18.0 

*  The  test  conditions  in  orders  are  inlet  flow  rate,  bulk 
exit  temperature,  and  tube  length. 


Endothermic  Effect  of  Thermal  Cracking: 

The  amount  of  heat  absorbed  by  the  thermal  cracking 
reactions  {i.e.,  endotherm)  can  be  determined  by 
analyzing  the  energy  balance  on  the  heated  tube. 
Following  Sobel  and  Spadaccini  [18],  the  endotherm, 
Qmto.  is  expressed  as 

Q^  =  Q.-Q--CU  (8) 

where  Q,,  represents  the  input  heating  power,  the 
heat  loss,  and  the  sensible  heating  used  to  raise 
fuel  temperature.  is  determined  by  measurements, 
and  and  are  estimated  based  on  simulation 
results.  The  values  of  Q.rtA3h  0^70^,  calculated 
using  Eq.  (8)  are  listed  in  Table  5.  For  the  six  Cc^es 
examined,  the  calculated  endotherm  is  significantly  less 
than  the  heat  loss,  confirming  the  requirement  of 
considering  heat  loss  in  the  current  study.  The 
endotherm,  although  not  as  significant  as  the  heat  loss, 
has  important  consequence  in  reducing  the  fuel  and 
wall  temperatures.  This  can  be  demonstrated  by 
comparing  the  simulation  results  predicted  by  the 


cracking  and  non-cracking  models.  For  the  six  cases 
studied,  the  bulk  exit  temperatures  predicted  by  the 
non-cracking  model  are  50-80  K  higher  than  those 
obtained  by  the  cracking  model  (see  Table  6). 

The  endothermic  effect  on  the  wall  temperature  is 
studied  by  comparing  the  axial  distributions  of  wall 
temperature  predicted  by  both  models.  The  simulation 
results  for  the  six  cases  are  shown  in  Figs  1-6.  The 
results  of  Test  Case  1  (see  Fig.  1)  are  discussed  as 
follows.  In  the  upstream  region  (i.e.,  from  tube  inlet  to 
axial  distance  of  0.5  m),  the  wall  temperatures 
predicted  by  both  rnodels  are  almost  identical.  This 
suggests  that  the  endothermic  effect  of  thermal 
cracking  reactions  is  negligible  because  the  fuel 
temperature  in  this  region  is  too  low.  In  the  downstream 
region  {i.e.,  from  axial  distance  of  0.5  m  to  tube  exit), 
the  wall  temperature  calculated  by  the  non-cracking 
model  becomes  Increasingly  higher  than  that  by  the 
cracking  model  as  the  axial  distance  increases.  At  the 
tube  exit,  the  wail  temperature  calculated  by  the  non¬ 
cracking  model  is  observed  to  be  52  K  higher  than  that 
by  the  cracking  nrKxfel.  Similar  trends  are  also  observed 
when  comparing  the  simulation  results  for  the 
remaining  five  test  cases  (see  Figs  2-6).  The  predicted 
exit  wall  temperatures  by  the  non-cracking  model  are 
43-74  K  higher  than  those  by  the  cracking  model  for 
Test  Cases  2-5  (see  Table  6). 


Table  5.  Calculated  endotherm  for  Norpar-13  thermal 
cracking 


Test  No.* 

Q^QA%) 

Q^QA%) _ 

1 

9.2 

29.0 

2 

8.3 

31.4 

3 

8.7 

43.6 

4 

11.6 

46.7 

5 

12.5 

24.5 

6 

11.5 

19.1 

*  The  test  conditions  are  the  same  as  those  in  Table  4. 


Table  6.  Bulk  and  wall  exit  temperatures  calculated  by 
endothermic  and  non-endothermic  models 


Test 

Endothermic 

Non-Endothermic 

No.* 

Tbulk(K)  TwalKK) 

Tbulk  (K) 

Twall  (K) 

1 

860 

906 

914 

958 

2 

850 

868 

900 

911 

3 

850 

860 

900 

903 

4 

875 

888 

942 

947 

5 

890 

921 

970 

995 

6 

891 

931 

963 

998 

•  The  test  conditions  are  the  same  as  those  in  Table  4. 
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Figure  5.  Axial  distributions  of  wall  temperature 
calculated  using  a  1.1 -m  tube  with  flow  rate  of  20 
ml/min  and  bulk  exit  temperature  of  868  K. 


Parametric  Study  of  Cracking  Reactions: 

Parametric  study  of  the  three  cracking  reactions  is 
performed  to  examine  (1)  the  relative  importance  of  the 
primary  and  secondary  cracking,  and  (2)  the  relative 
endothermic  performance  of  the  cracking  (from  Norpar* 
13)  to  gases  and  to  Hquids.  Three  cracking  models  are 
used  in  the  parametric  study.  The  first  cracking  model 
(denoted  as  Model  A)  considers  only  the  first-step 
reaction,  i.e.,  Eq.  (1),  the  second  model  (denoted  as 
Model  B)  considers  the  first-  and  second-step 
reactions,  i.e.,  Eqs.  (1)  and  (4),  and  the  third  one  is  the 
present  three-step  cracking  model. 

The  relative  importance  of  the  primary  and 
secondary  cracking  is  studied  by  comparing  the  bulk 
exit  temperatures  calculated  by  Models  B  and  the 
three-step  cracking  model.  As  Illustrated  in  Table  7,  the 
exit  temperatures  calculated  by  the  two  models  are 
almost  identical.  This  comparison  suggests  that  the 
secondary  cracking  from  n-alkanes  to  gases  is 
negligible.  This  result  is  not  surprising  since  the 
reaction  rate  of  secondary  cracking  used  in  the  three- 
step  model  is  much  smaller  than  those  of  primary 
cracking.  As  suggested  by  Yu  and  Eser  [15),  heavier 
alkanes  can  accelerate  the  cracking  of  lighter  ones  in 
the  thermal  reactions  of  n-alkane  mixture.  If  this 
happens  in  our  tests,  re-calibration  of  secondary 
cracking  rate  in  our  model  will  be  required. 

The  relative  endothermic  performance  of  the 
cracking  to  gases  and  to  liquids  is  analyzed  by 
comparing  the  bulk  exit  temperatures  predicted  by 


Figure  6.  Axial  distributions  of  wall  temperature 
calculated  using  a  1.1 -m  tube  with  flow  rate  of  30 
ml/min  and  bulk  exit  temperature  of  871  K. 


Models  A  and  the  three-step  model.  From  Table  7,  the 
bulk  exit  temperatures  calculated  by  the  three-step 
model  are  only  5-7  K  lower  than  those  obtained  by 
Model  A.  As  discussed  earlier  in  last  section,  the 
endotherm  of  Norpar-13  thermal  cracking  results  in 
decrease  of  bulk  exit  temperature  by  50-80  K.  TTiis 
indicates  that  the  cracking  to  liquids  only  has  minor 
effect  in  reducing  fuel  temperature.  Most  of  the 
endothermic  effect  comes  from  the  cracking  to  gas 
products. 


Table  7.  Bulk  exit  temperatures  (K)  calculated  by  Model 
A,  Model  B*,  and  the  current  three-step  cracking  model. 


Test  No." 

Model  A 

Model  B 

Three-step 

1 

866 

860 

860 

2 

865 

850 

850 

3 

855 

850 

850 

4 

881 

875 

875 

5 

896 

890 

890 

6 

898 

891 

891 

a  Model  A  includes  only  the  first-step  reaction  and 
Model  B  includes  the  first-step  and  second-step 
reactions  in  the  cracking  model, 
b  The  test  conditions  are  the  same  as  those  in  Table  4. 

CONCLUSION: 

A  three-step  global  model  is  proposed  to  describe 
the  thermal  cracking  of  Norpar-13  under  supercritical 
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and  near-critical  pressure  conditions.  The  cracking 
model  is  developed  based  on  a  method  that  lumps  the 
Norpar-1 3/product  mixture  into  Norpar-13,  cracked  n- 
alkane  in  liquid  phase,  cracked  1-alkene  in  liquid 
phase,  and  cracked  gases.  The  cracking  model  is 
incorporated  into  a  multi-dimensional  CFD  code  to 
simulate  the  heat/mass  transfer  and  thermal  cracking  of 
Norpar-13  in  flow  systems.  This  model  is  tested  against 
experimental  data  measured  at  different  flow 
temperatures  and  residence  times.  The  simulated 
temperature  and  conversion  values  agree  well  with 
experimental  data. 

The  endothermic  effect  of  Norpar-13  thermal 
cracking  is  studied  using  the  validated  cracking  model. 
For  the  conditions  studied,  the  calculated  endotherm 
only  absorbs  about  10%  of  input  power.  The  calculated 
endotherm,  although  not  as  significant  as  the  heat  lost 
to  the  environment,  has  non-negligible  effect  in 
reducing  fuel  and  wall  temperatures.  Our  studies  show 
that  the  endotherm  of  Norpar-13  thermal  cracking 
results  in  decreases  of  bulk  exit  and  wall  exit 
temperatures  by  50-80  K  and  43-74  K,  respectively. 
The  relative  endothermic  contributions  of  the  cracking 
(from  Norpar-13)  to  gases  and  the  cracking  to  liquids 
are  analyzed  using  the  parametric  study  on  the  three 
cracking  reactions.  The  simulation  results  show  that 
most  of  the  endothermic  effect  comes  from  the  cracking 
to  gases.  The  cracking  to  liquids  only  plays  a  minor  role 
in  increasing  the  fuel  cooling  capacity. 

Acknowledgments: 

This  work  is  supported  by  an  AF  contract  (# 
F33615-96-C-2619).  The  authors  thank  Mr.  Edwin 
Corporan,  the  project  monitor,  for  his  support  of  this 
work.  The  authors  would  also  like  to  thank  Dr.  Mel 
Roquemore  and  Dr.  Tim  Edwards  of  Wright  Laboratory 
for  their  guidance  during  the  course  of  this  work..  The 
analysis  of  the  cracked  gas  and  liquid  products  were 
performed  by  Mr.  Rich  Striebich  of  The  University  of 
Dayton  Research  Institute.  The  experimental  efforts  of 
Mr.  Walt  J.  Balster  (ISSI)  and  Ms  Lori  M.  Bolster  (ISSI) 
are  acknowledged. 

References: 

1.  Edwards,  T.,  Roquemore,  W.  M.,  Harrison,  W.  E., 
and  Anderson,  S.  D.,  “Research  and  Development 
of  High  Temperature  Thermal  Stability  Fuels," 
AGARD  81“  Symp.  on  Fuels  and  Comb.  Tech., 
May  10-  14,  1993,  Colleferro,  Italy,  AGARD-CP- 
536,  pp.  18-1  to  18-19. 

2.  Edwards,  T,,  and  Zabarnick,  S.,  “Supercritical  Fuel 
Deposition  Mechanisms,"  Ind.  Eng.  Chem.  Res., 
Vol.  32, 1993,  pp.  3117-3122. 


3.  Fabuss,  B.  M.,  Smith,  J.  0.,  and  Satterfield,  C.  N., 
“Rapid  Thermal  Cracking  of  n-Hexadecane  at 
Elevated  Pressures,".,  Ind.  Eng.  Chem.  Process 
Des.  Dev.,  Vol.  1, 1962,  pp.  293-299, 

4.  Zhou,  P.,  and  Crynes,  B.  L,  "Thermolytic 
Reactions  of  Dodecane,"  Ind.  Eng.  Chem.  Process 
Des.  Dev.,  Vol.  25, 1986,  pp.  508-514. 

5.  Khorasheh,  F.,  and  Murray,  R.  G.,  “High-Pressure 
Thermai  Cracking  of  n-Hexadecane,"  Ind.  Eng. 
Chem.  Res.,  Vol.  32, 1993,  pp.  1853-1863. 

6.  Yu,  J.,  and  Eser,  S.,  “Thermal  Decomposition  of 
C,o-C,4  Normal  Alkanes  in  Near-Critical  and 
Supercritical  Regions:  Product  Distributions  and 
Reaction  Mechanisms,"  Ind.  Eng.  Chem.  Res.,  Vol. 
36, 1997,  pp.  574-584. 

7.  Fabuss,  B.  M.,  Smith.,  J.  O.,  Lait,  R.  I.,  Fabuss,  M. 
A.,  and  Satterfield,  C.  N.,  “Kinetics  of  Thermal 
Cracking  of  Paraffinic  and  Naphthenic  Fuels  at 
Elevated  Pressures,"  Ind.  Eng.  Chem.  Process 
Des.  Dev.,  Vol.  3, 1964,  pp.  33-37. 

8.  Wei,  J.,  Kuo,  J.  C.  W.,  “A  Lumping  Analysis  in 
Monomo|ecular  Reaction  System,”  Ind.  Eng. 
Chem.  Fundam.,  Vol.  8, 1969,  pp.  114-123. 

9.  Weekm^,  V.  W.,  Jr.,  “Lumps,  Models,  and 
Kinetics  in  Practice,"  AlCHE  Monogr.  Ser.,  Vol.  75, 
1979.  j 

10. Gianetto,  A,  Farag,  H.  L,  Blasetti,  A.  P.,  and  de 
I  asa,  H.  I.,  “Fluid  Catalytic  Cracalyst  for  Reformed 
Gasolines.  Kinetic  Modeling,"  Ind.  Eng.  Chem. 
Res.,  Vol.  33, 1 994,  pp.  3053-3062. 

11. Coxson,  P.  G.,  Bischoff,  K.  B.,  “Lumping  Strategy. 
1.  Introductory  Technique  and  Applications  of 
Cluster  Analysis,"  Ind.  Eng.  Chem.  Res.,  Vol.  26, 
1987,  pp.  1239-1248. 

12. Restek  Corporation,  Bellefonte,  PA 

13.  Jones,  E  G.,  and  Balster,  W.  J., 
“Phenomenological  Study  of  Formation  of 
Insolubles  in  a  Jet-A  Fuel,”  Energy  and  Fuel,  Vol. 
7, 1993,  pp.  968-977. 

14.  Edwards  T.,  N.,  and  Anderson,  S.  D.,  “Results  of 
High  Temperature  JP-7  Cracking  Assessment," 
AIAA-93-0806,  Reno,  NV,  1993. 

15.  Yu,  J.,  and  Eser,  S.,  “Kinetics  of  Supercritical- 
Phase  Thermal  Decomposition  of  C,o-C„  Normal 
Alkanes  and  Their  Mixtures,"  Ind.  Eng.  Chem. 
Res.,  Vol.  36, 1997,  pp.  585-591. 

le.Ely  ,  J.  F.,  and  Huber,  M.  L,  “NIST 
Thermophysical  Properties  of  Hydrocarbon 
Mixtures  Database  (SUPERTRAPP),”  V.1 .0  Users’ 
Guide,  July  1992. 

17. Churchill,  S.  W.,  and  Chu,.  H.  S.,  “Correlating 
Equations  for  Laminar  and  Turbulent  Free 
Convection  from  a  Vertical  Plate,”  Int.  J.  Heat 
Mass  Transfer,  Vol.  18, 1975,  p.  1323. 

18.  Sobel,  D.  R.,  and  Spadaccini,  L.  J.,  “Hydrocarbon 
Fuel  Cooling  Technologies  for  Advanced 


7 

1157 


Propulsion."  ASME-95-GT-226.  presented  at  the  Congress  and  Exhibition,  Houston,  Texas,  June 

40th  International  Gas  Turbine  and  Aeroengine  5-8, 1995. 


8 

1158 


REPRINTED  WITH  PERMISSION 

Combust.  Sci.  and  Tech..,  1998,  YoL  139,  pp.  75-111 
Reprints  available  directly  from  the  publisher 
Photocopying  permitted  by  license  only 


Copyright  Ownership  - 
Taylor  &  Francis  Ltd 

■©  1998  OPA  (Overseas  hiblishers  Association)  N,V, 
Published  by  license  under 
the  Gordon  and  Breach  Science 
Publishers  imprint. 
Printed  in  Malaysia. 
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The  thermal  stability  of  jet  fuels  results  from  a  complex  set  of  chemical  reactions,  and  the 
deposition  process  is  further  complicated  by  physical  mechanisms  such  as  agglomeration  and 
solvation.  Although  a  vast  amount  of  experimental  data  has  been  obtained  by  several 
researchers,  the  specific  mechanisms  responsible  for  thermal  degradation  of  fuels  and  the 
consequent  deposit-formation  process  are  still  largely  unknown.  This  is  primarily  due  to  the  fact 
that  the  fluid  flow  and  the  heat  transfer  which  influence  the  deposition  process  vary  significantly 
from  experiment  to  experiment.  It  is  thought  that  Computational  Fluid  Dynamics  with 
Chemistry  (CFDC)  models  can  be  used  to  correlate  the  data  obtained  from  a  number  of 
experiments  and,  thereby,  explore  this  large  data  base  to  aid  the  understanding  of  the  deposition 
phenomenon.  The  success  of  this  approach  depends  on  the  accuracy  of  the  global-cheimstry 
models  used  in  the  CFDC  codes.  Recent  experiments  on  blended  fuel  prep^ed  by  mixing  a 
hydrotreated  fuel  with  a  non-hydrotreated  one  suggest  that  the  thermal  stability  of  the  blend 
cannot  be  linearly  extrapolated  from  the  thermal-stability  characteristics  of  the  neat  fuels.  The 
global-chemistry  models  developed  previously  are  found  to  be  insufficient  for  the  simultaneous 
prediction  of  deposition  and  oxidation  rates  associated  with  the  blended  fuel;  however,  a  nine- 
step  model  developed  most  recently  appears  to  yield  qualitatively  correct  results.  To  improve 
the  predictive  capabilities  of  this  model,  the  rate  expressions  for  the  bulk-fuel  reactions  are 
modified  by  taking  the  antioxidant  behavior  in  jet  fuels  into  account.  The  resulting  modified 
nine-step  global-chemistry  model  yielded  the  experimentally  observed  thermal  stability 
characteristics  for  the  blended  fuels.  Predictions  made  for  higher  flow-rate  and  temperature 
conditions  also  matched  well  with  the  experimental  data.  Overall,  the  mo^ed  nine-step  global- 
chemistry  model  is  found  not  only  to  improve  the  accuracy  in  predicting  quantities  such  as 
oxygen  consumption  and  surface  deposits  but  also  to  provide  additional  capabilities  for 
predicting  quantities  such  as  hydroperoxides  and  bulk  insolubles. 

Keywords:  Fuels;  oxidation  chemistry;  thermal-stability;  modeling;  deposition 
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INTRODUCTION 

Before  fuel  is  an  aircraft  is  burned  in  the  combustion  chamber,  it  is  used  to 
cool  several  engine  and  airframe  components  as  well  as  electronic 
equipment.  The  bulk-fuel  temperatxire  and  the  high  wall  temperature  of 
these  components  lead  to  degradation  of  the  fuel  (z.e.,  chemical  decomposi¬ 
tion  of  fuel  resulting  in  the  formation  of  gums  and  solids  that  cause  fouling 
of  fuel  nozzles  and  heat  exchangers).  Several  laboratory  experiments  of  the 
flowing  (Marteney  and  Spadaccini,  1986;  Ballal  et  al,  1992)  and  static 
(Jones  et  al,  1992)  type  have  been  designed  to  study  the  thermal  stability  of 
jet  fuel.  In  order  to  extend  the  findings  derived  from  various  laboratory 
experiments  to  real  aircraft  fuel  systems,  a  thorough  understanding  of  the 
experimental  data  is  needed.  Temperature  is  usually  treated  as  an  effective 
parameter  (Epstein,  1978)  for  correlating  experimentally  obtained  data  and 
fuel  behavior  in  aircraft.  It  was  also  recognized  (ANNONiCRC  Literature 
Survey  on  Thermal  Oxidation  Stability  of  Jet  Fuel,  1979;  Hazlett,  1977)  that 
certain  species  such  as  dissolved  oxygen  and  hydroperoxides  strongly 
influence  the  fouling  process.  However,  since  high  temperatures  and  lowflow 
rates  are  normally  used  to  accelerate  the  experiments,  often  there  is  no 
correlation  between  the  results  of  the  different  laboratory  experiments  and 
no  knowledge  of  how  the  results  are  related  to  the  thermal  decomposition  of 
the  fuel  in  aircraft  fuel-system  components.  Recently,  a  general  theoretical 
framework  was  established  by  integrating  the  Computational  Fluid 
Dynamics  conservation  equations  with  global-chemistry  models  for  the 
investigation  of  thermal-decomposition  mechanisms  (Roquemore  et  al, 
1989).  The  resulting  Computational-Fluid-Dynamics-with-Chemistry 
(CFDC)  models  offer  potential  for  predicting  fuel  behavior  in  an  engine 
component  based  on  knowledge  gained  from  laboratory  experiments.  The 
success  of  this  approach  however,  depends  on  the  development  of  a 
universal  global-chemistry  model  that  can  be  calibrated  for  a  given  fuel 
using  laboratory  experiments  and  the  ability  of  the  model  to  predict 
deposition  over  a  wide  range  of  flow  and  temperature  conditions  for  any 
fuel-system  component. 

Significant  progress  has  been  made  in  the  use  of  CFD  models  to  predict 
fluid  and  thermal  characteristics  in  the  complex  geometries  of  practical 
systems.  On  the  other  hand,  developments  in  the  chemistry  modeling  of 
thermal  deposition  have  been  hindered  by  the  lack  of  fundamental 
understanding  of  the  complex  fuel-degradation  processes.  However,  recent 
studies  with  simple  global-chemistry  models  have  shown  the  usefulness  of 
the  CFDC  approach  for  predicting  fuel  thermal  stability  under  different 
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conditions  in  heated-tube  experiments  (Krazinski  et  al.,  1992;  Katta  and 
Roquemore,  1993;  Zhou  and  Krishnan,  1996)  and  in  a  complicated 
geometries  (Chin  and  Katta,  1995).  These  successes  offer  hope  that  the 
CFDC  models  will  become  useful  tools  for  research  as  well  as  fuel-system 
component  design. 

This  paper  describes  several  global-chemistry  models  that  have  recently 
been  developed  and  their  relationship  to  the  current  understanding  on  semi- 
detailed  chemistry  for  jet-fuel  thermal  stability.  Also  the  most  recently 
developed  nine-step  global-chemistry  model  was  tested  for  its  ability-  to 
predict  the  thermal-stability  characteristics  of  blended  fuels  obtained  by 
mixing  hydrotreated  and  non-hydrotreated  Jet-A  fuels.  Finally,  details  are 
given  on  modifications  proposed  and  implemented  into  the  nine-step  global- 
chemistry  model  not  only  for  improving  accuracies  in  predicting  quantities 
such  as  oxygen  consumption  and  surface  deposits  but  also  for  predicting 
additional  quantities  such  as  hydroperoxides  and  bulk  insolubles. 


BACKGROUND 

The  susceptibility  of  hydrocarbon  fuel  to  thermal  degradation  is  usually 
referred  to  as  thermal  instability  and  is  believed  to  result  from  a  set  of 
complex  chemical  reactions.  Even  though  the  detailed  chemical  reactions 
that  result  in  fuel  deposits  are  poorly  understood,  it  is  well  recognized  that 
the  thermal  instability  of  a  hydrocarbon  fuel  depends  on  many  factors  such 
as  fuel  type,  temperature,  pressure  and  the  material  in  contact  with  the  fuel 
(Marteney  and  Spadaccini,  1986;  ANNON:CRC  Literature  Survey  on 
Thermal  Oxidation  Stability  of  Jet  Fuel,  1979;  Marteney,  1988;  Taylor, 
1967;  Taylor,  1970).  The  effect  of  these  factors  on  deposition  has  been 
investigated  experimentally  under  both  static  and  flowing  conditions. 
Several  researchers  have  reported  (Hazlett,  1977;  Kendall  et  aL,  1987; 
Giovanetti  and  Szetela,  1986;  Fodor  et  aL,  1988)  that  the  reaction  is  usually 
initiated  by  liquid-phase  oxidation  of  the  fuel,  which  is  promoted  by 
dissolved  oxygen.  The  early  investigations  of  Taylor  (1967,  1970)  which 
provide  the  major  source  of  reliable  information  on  fouling  of  hydrocarbon 
fuels,  suggest  that  the  principal  class  of  fouling  reactions  is  auto-oxidation 
polymerization  which  is  propagated  by  a  free-radical  chain-reaction 
mechanism  in  which  dissolved  molecular  oxygen  plays  a  crucial  role. 
Common  impurities  such  as  compounds  of  sulfur,  nitrogen,  and  dissolved 
metals  play  a  role  by  either  accelerating  the  reactions  or  affecting  the 
solubility  of  the  degradation  products.  On  the  other  hand,  at  high 
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temperatures  (>  750  K),  the  deposition  reaction  is  characterized  by  the 
pyrolysis  of  hydrocarbon  molecules  and  the  scission  of  hydrocarbon.  The 
general  free-radical  mechanism  agreed  upon  by  several  researchers  and 
outlined  by  Jones  et  al,  (1991)  is  given  below. 

Initiation: 


RH  +  02-^R°+°00H  (la) 

ROOH  ^  RO"  VOR  (lb) 

Propagation: 

R‘^-h02->R00^  (Ic) 

ROO'^  4-  RH  ROOH  +  R°  (Id) 


Termination: 


ROO""  +  ROO°  ^  non-radical  products  (le) 

Here,  RH  represents  hydrocarbon  fuel;  R°,  RO°,  and  ROO°  represent  alkyl, 
alkoxy  and  peroxy  radicals,  respectively;  and  ROOH  represents  hydroper¬ 
oxides. 

While  studying  the  rates  of  oxidation  and  gum  formation  in  different 
fuels,  Mayo  and  Lan  (1986)  found  that  some  fuels  oxidize  faster  when 
initiators  such  as  r-BU202  are  added.  Based  on  these  studies  they  proposed 
that  gum  formation  is  initiated  with  coupling  of  two  alkyl  peroxyl  radicals  in 
the  chain  termination  of  oxidation  (le).  However,  it  is  now  generally 
thought  that  fuel-degradation  products  such  as  soluble  gums,  insoluble 
gums,  and  solids  are  formed  from  the  hydroperoxides  which  may  be 
represented  using  the  global  step  (Zabamick,  1993) 

ROOH  +  R'S  — ►  gums,  solids  (If) 

Here,  R'S  represents  a  peroxide-decomposing  sulfur  compound  available  in 
the  fuel. 

The  reaction  paths  (la)-(lf)  describe  the  oxidation  and  deposition 
processes  globally;  in  fact,  each  of  these  steps  represents  several  elementary 
reaction  steps.  As  discussed  by  Zabamick  (1993),  no  generally  accepted  rate 
parameters  exist  for  the  pseudo-global  reactions  (la)“(lf).  Even  though  a 
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detailed  description  of  autoxidation  and  thermal  degradation  of  hydro¬ 
carbon  fuel  may  be  formulated  by  conducting  a  study  on  several  fuels  over  a 
wide  range  of  conditions,  the  above-described  general  mechanism  yields 
valuable  insights  for  developing  global-chemistry  models  for  the  thermal 
stability  of  fuels. 


GLOBAL  MODELS  FOR  THERMAL  STABILITY 

Early  deposition  models  were  primarily  based  on  the  assumption  that  the 
quantity  of  carbon  deposited  on  metal  walls  is  proportional  to  the  amount 
of  heat  transferred  up  to  that  time  (or  temperature).  These  models  are 
basically  obtained  by  representing  the  mechanism  (la) -(If)  using  the  global 
reaction 

Fuel  Deposits  (2a) 

The  deposition  rate  is  given  by 

^  =  (2b) 

Here,  D  represents  deposits  on  a  metal  surface,  and  a  is  a  constant  which 
may  be  a  function  of  velocity.  Because  of  the  over  simplifications  used,  these 
models  mask  the  physical  and  chemical  structures  of  the  deposition  process; 
however,  they  are  still  found  to  be  useful  as  engineering  tools  (Chin  and 
Lefebvre,  1992). 


Two-Step  Global  Model 

A  two-step  kinetic  reaction  mechanism  was  postulated  and  successfully 
applied  to  a  number  of  heated-tube  experiments  by  Giovanetti  and  Szetela 
(1986).  By  representing  the  oxygenated  species  (hydroperoxides,  alcohols, 
ketones  and  carbon  monoxide)  formed  during  thermal  stressing  of  the  fuel 
as  intermediary  precursor  (P)  to  the  deposits  (D),  they  formulated  the 
following  two-step  reaction  mechanism: 


Fuel  +  02-^  Fuel  +  P 

(3a) 

Fuel +  P-*- Fuel +  Z) 

(3b) 
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The  reaction  rates  are  given  by 

(3c) 

(3d) 

In  comparison  with  the  mechanism  given  by  Eqs.  {la)-(lf),  the  first 
reaction  step  (3a)  of  the  Giovanetti  and  Szetela  mechanism  may  be 
considered  the  propagation  step  and  the  second  one  (3b),  the  termination 
step.  This  simplification,  which  yields  a  tight  coupling  between  the  oxygen 
consumption  and  deposit  formation,  is  valid  only  when  the  concentrations 
of  R°  and  ROO°  are  significant.  Usually,  aircraft  fuels  contain  some  types  of 
antioxidants  and/or  sulfur  compounds  which  tend  to  control  the  concentra¬ 
tions  of  R°  and  ROO°  and,  thereby,  develops  a  lag  between  the  oxygen 
consumption  and  deposit  formation. 

In  addition  to  the  limitations  of  the  above  two-step  global  mechanism  in 
modeling  various  fuels,  the  model  has  two  major  drawbacks:  (1)  It  does  not 
take  into  account  mass-transfer  ‘  effects;  (2)  It  does  not  have  possible 
precursor-decomposition  reactions  which  are  relevant  at  high  temperatures. 
The  experiments  of  Marteney  and  Spadaccini  (1986)  and  Taylor  (1970) 
indicate  that  at  higher  temperatures  (  >  645  K),  the  deposition  rate  decreases 
suddenly.  This  sudden  decrease  may  be  due  to  possible  mass-transfer 
resistance  at  higher  temperatures  and/or  precursor  decomposition.  Marte¬ 
ney  and  Spadaccini  (1986)  also  studied  the  effect  of  fuel  velocity  on 
deposition  rate  and  found  that  the  reactions  become  mixing  (or  transport) 
limited  at  elevated  temperatures.  Clark  and  Thomas  (1988)  also  found  that 
deposition  may  be  dominated  by  physical  transport  or  a  chemical-reaction 
process,  and  the  relative  importance  of  these  factors  is  fuel  dependent. 


Three-Step  Global  Model 

In  an  attempt  to  improve  deposition  modeling  by  incorporating  mass- 
transfer  effects  and  the  precursor-decomposition  process,  Deshpande  et  aL 
(1989)  proposed  the  following  three-step  global  mechanism. 


Fuel  -h  O2  Fuel  -h  P 

(4a) 

Fuel  +  F  ^  Fuel  +  D 

(4b) 

Fuel  -{-  P  — >  Fuel  +  CO2 

(4c) 
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It  is  assumed  that  reactions  (4a)  and  (4c)  occur  in  the  bulk  and  that  reaction 
(4b)  occurs  on  the  wall  surface.  As  a  result,  the  reaction  rate  (RR4h) 

Eq.  (4b)  is  calculated  using  the  concentration  of  precursor  on  the  wall 
surface.  The  time  rates  of  change  of  the  active  species  are  given  by 


RR. 

dt  - 

(4d) 

m 

dt 

=  — “  RRac 

(4e) 

11 

(4f) 

Here,  the  mass-transfer  rate,  R^  is  given  by 

R^=:^KmS{[P]^[Pl) 

where  is  the  mass-transfer  coefficient,  s  is  surface  area,  and  [Ph  is  the 
concentration  of  precursor  at  the  wall  which  is  calculated  from  molecular 
diffusion  of  bulk  precursor. 

The  limited  comparisons  of  predictions  and  available  experimental  data 
(1989)  have  indicated  that  the  results  obtained  with  the  three-step  model  are 
only  marginally  improved  over  the  predictions  made  by  Giovanetti  and 
Szetela  (1986)  using  their  two-step  model.  However,  the  significant 
improvement  in  deposition  modeling  made  by  Deshpande  et  al.  (1989) 
through  the  incorporation  of  mass-transfer  effects  and  the  precursor- 
decomposition  process  may  be  recognized  when  results  for  oxygen 
consumption  and  deposit  formation  are  compared  simultaneously.  Equa¬ 
tions  (3a)  and  (3b)  require  that  at  any  time  during  the  reaction,  the  sum  of 
the  concentrations  of  oxygen,  precursor,  and  deposit  must  be  constant  and 
equal  to  the  initial  concentration  of  oxygen  (assuming  that  the  initial 
concentrations  of  precursor  and  deposit  species  are  negligible).  Because  of 
this  constraint  on  species  concentration,  Giovanetti  and  Szetela  (1986)  were 
forced  to  use  an  initial  concentration  of  oxygen  of  only  16%  of  the  value  for 
air-saturated  fuel  in  order  to  match  the  predicted  and  measured  maximum 
deposition  rates.  This  anomaly  between  initial  oxygen  concentration  and 
peak  deposition  rate  was  resolved  in  the  three-step  model  since  only  a 
fraction  of  the  generated  precursor  transforms  into  deposition;  the  rest 
either  remains  in  the  fuel  (because  of  mass-transfer  effect)  or  is  converted 
into  solubles  [through  Eq.  (4c)]. 
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The  success  with  the  three-step  global  model  is  limited,  in  part,  by  the  one¬ 
dimensional  analysis  which  Deshpande  et  al.  (1989)  used  for  the  prediction 
of  heated-tube  experiments  in  which  large  gradients  for  temperature  and, 
hence,  species  concentrations  exist  across  the  tube.  Recognizing  the  barrier 
to  the  development  of  thermal-stability  models  imposed  by  fluid-dynamics 
simplifications,  Roquemore  et  al  (1989)  proposed  a  general  theoretical 
framework  by  integrating  the  Computational  Fluid  Dynamics  (CFD) 
conservation  equations  with  global-thermal-stability  models.  Krazinski  et 
al  (1992)  implemented  such  a  framework  for  studying  deposition  processes 
in  heated-tube  experiments  by  incorporating  a  three-step  deposition  model 
in  a  steady-state  two-dimensional  CFD  code. 

The  three-step  model  that  Krazinski  et  al  (1992)  used  is  identical  to  the 
three-step  model  [Eqs.  (4a)  -  (4c)]  described  previously.  Krazinski  et  al 
(1992)  assumed  that  the  precursor  generated  in  the  bulk  fuel  is  transported 
to  the  wall  through  convection  and  diffusion,  adheres  to  the  wall,  and  then 
transforms  into  deposits.  The  last  two  processes  were  represented  globally 
with  a  wall  reaction  such  as  Eq.  (4b).  The  CFDC  approach  for  predicting 
thermal  stability  of  fuels  was  further  extended  by  Katta  and  Roquemore 
(1990,  1993)  for  the  prediction  of  real-time  deposition  processes  in  a  heated 
tube  and  by  Chin  and  Katta  (1995)  for  the  prediction  of  deposition  in 
complex  geometries  such  as  aircraft  fuel  nozzles.  The  three-step  model  of 
Krazinski  et  al  (1992)  used  in  all  these  investigations  was  found  to  yield 
reasonable  predictions  for  a  variety  of  flow  and  thermal  conditions. 

Nine-Step  Global  model 

Recent  experimental  efforts  of  Jones  et  al  (1991);  Heneghan  et  al  (1994); 
Hardy  (1991)  and  Kauffman  et  al  (1993)  suggest  that  (1)  the  rate  of 
autoxidation  in  the  majority  of  fuels  is  nearly  independent  of  dissolved- 
oxygen  concentration,  (2)  the  deposit-forming  precursor  is  generated 
through  chemical  reactions  involving  hydroperoxides  but  not  directly  from 
reactions  involving  molecular  oxygen,  and  (3)  fuels  which  oxidize  rapidly 
tend  to  form  more  gruns  and  less  solids  or  deposits.  The  semi-detailed 
thermal-stability  model  [Eqs.  (la) -(If)]  described  earlier  accounts  for  all  of 
these  observations,  whereas  the  two-  or  three-step  global  models  developed 
for  the  prediction  of  deposition  are  not  capable  of  addressing  these  issues. 

A  nine-step  thermal-stability  model  has  been  proposed  by  Katta  et 
a/.  (1993)  for  the  simultaneous  prediction  of  autoxidation  and  deposit 
formation  in  different  flowing  systems.  The  model  was  formulated  based  on 
observations  made  during  static  flask  and  dynamic  tube  experiments  and 
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consists  of  both  bulk-phase  and  wall  reactions.  The  six  bulk  reactions  used 
in  this  model  are  as  follows: 


O2  +  Fuel  ^  ROOH 

(5a) 

ROOH  -h  Fuel  — ►  Solubles 

(5b) 

ROOH  +  F,-^? 

(5c) 

‘  F  +  Fuel  Solubles 

(5d) 

ROOH  -f  Fuel  Dbuik 

(5e) 

l^bulk  +  Fuel  — 2Z)bulk 

(5f) 

In  this  global  model  the  species  ROOH  represents  either  ROOH  or  ROO°  in 
the  mechanism  (la)““(lf).  The  first  step  (5a)  of  the  nine-step  model 
represents  the  initiation  step  in  the  general  formulation  [Le.,  Eq.(lb)];  the 
second,  third  and  fifth  steps  represent  the  reactions  (le)  and  (If);  the  fourth 
step  is  the  precursor-removing  reaction;  and  finally,  the  agglomeration  of 
bulk  particles  is  represented  chemically  with  the  sixth  step.  Fs  [or  R'S  in 
Eq.  (If)]  is  a  non-depleting  sulfur  compound  present  in  the  fuel  which 
usually  promotes  the  deposition  process.  This  model  closely  follows  the 
general  formulation,  except  that  it  has  no  initiation  and  propagation 
reactions  for  controlling  the  autoxidation  process.  It  was  assumed  that  if  the 
oxygen  consumption  in  a  fuel  is  described  by  Eq.  (5a)  with  appropriate 
activation  energy  and  pre-exponential  factor,  then  the  above  six  bulk 
reactions  can  represent  the  thermal  stability  of  hydrocarbon  fuels.  The 
specific  reaction  rates  for  the  six  reactions  are  obtained  assuming  that  the 
reactions  are  elementary  in  nature  {Le.,  based  on  the  reactant  concentra¬ 
tions).  However,  for  fitting  the  autocatalysis-type  oxidation  behavior  of  the 
aviation  fuels,  the  reaction  rate  for  Eq.  (5a)  is  made  independent  of  oxygen 
concentration  (Le.,  zeroth-order  reaction). 

In  addition  to  the  six  bulk  reactions  (5a) -(5f),  the  following  three  wall 
reactions  were  also  used  in  the  above  model  to  describe  the  entrainment  and 
sticking  processes  of  O2,  and  i)buik“  which,  eventually  transform  to 
surface  deposits  (D)  after  attaching  to  the  walls. 
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(5g) 

^Iwall-^  (5h) 

i^bulklwall  ^ 

The  nine-step  model,  in  general,  yielded  good  predictions  for  surface 
deposits  under  significantly  different  flow  and  heating  conditions.  Some  of 
the  comparisons  between  model  predictions  and  experimental  data  are  given 
in  References  10, 11,28.  Even  though  the  model  predicts  the  concentration 
distributions  for  ROOH  and  i)buik»  these  distributions  do  not  compare  well 
with  the  experimental  data  due,  in  part,  to  the  insufficient  representation  of 
production  and  destruction  mechanisms  for  these  intermediate  species  in  the 
nine-step  model. 


RESULTS  AND  DISCUSSION 
Thermal  Stability  of  Fuel  Blends 

The  fuel  in  advanced  aircraft  will  be  subjected  to  a  more  hostile  environment 
from  a  temperature  viewpoint  since  these  aircraft  will  generate  increased 
heat  loads.  To  avoid  the  problems  associated  with  the  thermal  decomposi¬ 
tion  of  fuel  at  these  expected  elevated  temperatures,  researchers  are 
increasingly  concentrating  on  the  development  of  methods  of  mitigating 
fuel-fouling  processes.  A  fundamental  method  of  quantitatively  improving 
the  thermal-stability  characteristics  of  a  lesser-quality  fuel  is  to  introduce 
additives  which  may  be  cost  effective  compared  to  refining  techniques.  An 
obvious  extension  of  this  approach  is  to  consider  the  potential  impact  on 
thermal  stability  of  a  fuel  mixture  obtained  by  blending  two  fuels  having 
drastically  different  thermal-stability  characteristics.  Recent  studies  con¬ 
ducted  on  fuel  mixtures  include  the  work  of  Zabamick  et  aL  (1997);  Balster 
et  al  (1996)  and  Jones  et  al  (1996). 

For  the  modeling  of  thermal  stability  of  a  jet  fuel  in  a  flowing  system,  the 
global-chemistry  models  described  previously  must  be  calibrated  specifically 
for  that  fuel.  This  is  mainly  because  of  the  lack  of  fundamental  data  such  as 
concentrations  of  constituent  species  in  that  fuel.  When  two  fuels  are 
blended,  then  the  constituent  species  in  that  mixture  can  be  obtained  by  a 
linear  combination  of  concentrations  of  individual  species.  This  suggests 
that  the  global-chemistry  model  of  a  mixture  can  be  derived  from  the 
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calibrated  global-chemistry  models  of  the  individual  fuels.  Of  course,  the 
success  of  this  approach  depends  on  the  accuracy  of  the  model  used.  In 
other  words,  the  accuracy  of  a  global-chemistry  model  in  describing  the 
thermal-stability  characteristics  of  a  fuel  may  be  tested  by  predicting  the 
characteristics  of  a  blended  fuel  using  the  models  calibrated  for  the  indi¬ 
vidual  fuels, 

Jones  et  al  (1996)  found  that  the  thermal-stability  characteristics  of  a 
mixture  obtained  by  blending  POSF-2827  and  POSF-2747  Jet-A  fuels  could 
be  improved  only  if  the  percentage  of  the  former  fuel  in  the  mixture  were 
significantly  low.  These  two  fuels  were  previously  studied  (1992)  individually 
with  regard  to  thermal-stability  behavior.  It  is  known  that  the  hydrotreated 
Jet-A  fuel  (POSF  2747)  belongs  to  a  class  of  highly  stable  fuels,  and  the 
dissolved  oxygen  in  this  fuel  will  be  consumed  rapidly  (typically,  in  about 
3  min.  at  458  K)  when  the  fuel  is  heated  and  at  the  same  time  the  fuel  will 
generate  very  few  deposits.  On  the  other  hand,  POSF-2827  is  a  straight-run 
(non-hydrotreated)  Jet-A  fuel  containing  significant  amounts  of  sulfur 
compounds  as  impurities.  Investigations  on  this  fuel  revealed  that  the 
dissolved  oxygen  is  consumed  very  slowly  when  the  fuel  is  heated  (for 
example,  13  min.  at  458  K)  and,  at  the  same  time,  significant  amounts  of 
bulk  and  surface  deposits  are  generated.  This  inverse  behavior  between 
oxygen  consumption  rate  and  deposition  rate  in  jet  fuels  was  found  by 
several  investigators,  and  a  comprehensive  report  based  on  a  number  of 
fuels  was  prepared  by  Hardy  et  a/.  (1991). 

The  experimental  data  obtained  by  Jones  et  (1996)  for  two  fuels 
(POSF-2827  and  POSF-2747)  and  for  different  mixtures  of  these  fuels  are 
shown  in  Figures  1  and  2.  These  measurements  were  made  using  the 
experimental  rig  known  as  NIFTR  (Near-Isothermal  Flowing  Test  Rig). 
The  details  of  the  rig,  the  measuring  techniques  employed,  and  the  data- 
reduction  procedures  used  are  described  elsewhere  (Jones  et  a/.,  1991; 
Balster  et  al.,  1996).  The  experiments  conducted  to  obtain  the  data  shown  in 
Figures  1  and  2  employed  a  constant  block  temperature  of  458  K  and  a 
stainless  steel  tube  having  0.3175-cm  o.d.,  0.216-cm  i.d.,  and  188-cm  length. 
However,  the  initial  5.08  cm  of  the  tube  is  not  placed  in  the  heated  copper 
block.  Figure  1  shows  the  consumption  of  dissolved  oxygen;  Figure  2  shows 
the  surface-deposition  rate  with  stress  duration.  It  is  important  to  note  that 
the  stress  duration  for  the  oxygen-consumption  data  is  varied  by  changing 
the  residence  time  (flow  rate)  in  a  fixed-length  heated  tube,  whereas  the 
stress  duration  in  Figure  2  represents  the  location  of  the  fuel  element  moving 
at  a  constant  velocity  (flow  rate  =  0.25  cc/min).  Under  isothermal  condi¬ 
tions  these  two  times  should  represent  the  same  time  provided  the  velocity 
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FIGURE  2  Measured  surface  deposition  rate  in  POSF-2827  and  POSF-2747  blends. 
Percentages  represent  amount  of  POSF-2827  in  the  mixture. 
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distribution  across  the  tube  is  independent  of  flow  rate.  As  the  temperature 
of  the  fuel  in  NIFTR  increases  from  room  to  block  (458  K)  value  in  a  finite 
tube  length,  the  extent  of  the  region  with  non-isothermal  conditions  along 
with  the  velocity  distribution  vary  with  the  flow  rate;  hence,  the  stress  time 
obtained  with  constant  flow  rate  may  not  represent  the  events  recorded  at 
the  same  stress  time  obtained  by  varying  the  flow  rate.  For  this  reason, 
calculations  were  made  using  a  CFDC  code  known  as  “foul2d”  for  the 
individual  experiments.  A  brief  description  of  the  code  is  given  below 
[details  are  given  in  Ref.  (9)]. 

Fluid  motion  inside  the  tubular  test  section  is  assumed  to  be  axisymmetric 
and  bounded  by  the  fuel-deposit  interface.  The  time-dependent  Navier- 
Stokes  equations  along  with  the  turbulent-energy,  species-conservation,  and 
enthalpy  equations  are  solved  in  the  x-r  cylindrical  coordinate  system.  The 
transport  properties  along  with  the  enthalpy  and  density  at  a  given 
temperature  are  obtained  from  the  curve  fits  developed  for  Jet-A  fuel.  The 
governing  equations  are  discretized  utilizing  a  hybrid  scheme  (Spalding, 
1972)  which  is  a  second-order  central-differencing  scheme  everywhere  but 
changes  to  a  first-order  upwind  scheme  when  the  local  Peclet  number 
becomes  greater  than  two.  An  implicit  approach  is  employed  to  advance  the 
calculations  using  a  large  time-step.  This  allows  the  calculations  to  be 
performed  for  real  times  ranging  from  minutes  to  thousands  of  hours.  For 
the  turbulent-flow  calculations,  wall  functions  have  been  used  to  determine 
the  variations  of  the  flow  variables  near  the  fuel-deposit  interface.  The 
numerical  accuracy  and  the  implementation  of  boundary  conditions  were 
discussed  in  Reference  9. 

Calculations  were  made  for  different  blends  of  POSF-2827  and  POSF- 
2747  fuels  using  the  three-step  global  chemistry  model  developed  by 
Krazinski  et  a/.  (1992)  Results  in  the  form  of  oxygen  consumption  and 
deposit  formation  with  stress  duration  are  shown  in  Figures  3  and  4, 
respectively.  The  calibrated  pre-exponential  factors  and  activation  energies 
for  the  two  neat  fuels  are  shown  in  Table  1.  Since  the  activation  energies  for 
the  neat  fuels  are  the  same,  the  pre-exponential  factors  for  the  blended  fuels 
are  obtained  from  those  of  the  neat  fuels  using  a  concentration-based 
weighted  averaging  method. 

A  comparison  between  the  predicted  and  measured  thermal  stability  data 
in  Figures  1-4  illustrates  the  difficulties  associated  with  the  three-step 
global-chemistry  model.  The  oxygen-consumption  reaction  used  in  the 
three-step  model  is  first  order  with  respect  to  oxygen  concentration. 
Therefore,  the  dissolved  oxygen  in  the  fuel  decreased  exponentially  with 
time  as  shown  in  Figure  3  for  all  fuels,  which  is  quite  different  from 
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FIGURE  3  Oxygen  consumption  in  POSF-2827  and  POSF-2747  blends  predicted  using  two- 
step  global-chemistry  model.  Percentages  represent  amount  of  POSF-2827  in  the  mixture. 
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FIGURE  4  Surface  deposition  rate  in  POSF-2827  and  POSF-2747  blends  predicted  using 
two-step  global-chemistry  model.  Percentages  represent  amount  of  POSF-2827  in  the  mixture. 
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TABLE  I  Rate  constants  used  for  the  three-step  global-reaction  model 


Parameter 

posF^mn 

posF-n^i 

Activation  energy  for  Reaction  (4a) 
Pre-exponential  factor  for  Reaction  (4a) 
Activation  energy  for  Reaction  (4b) 
Pre-exponential  factor  for  Reaction  (4b) 
Activation  energy  for  Reaction  (4c) 
Pre-exponential  factor  for  Reaction  (4c) 

32,000  cal/moIe/K 
5.22xl0'^s“^ 
17,000  cal/mole/K 

12  m/s 

30,000  cal/mole/K 
1.2x10^^ 

32,000  cal/mole/K 
4.0x  10“s-‘ 
17,000  cal/mole/K 

12  m/s 

30,000  cal/mole/K 
1.2x  ro‘^ 

observations  in  the  experiments  (Fig.  1).  And  also,  the  predicted  oxygen 
consumption  rates  for  blended  fuels  decreased  more  slowly  as  the 
concentration  of  POSF-2827  was  reduced,  whereas  the  measured  rates 
decreased  more  quickly.  An  explanation  for  this  type  of  autoxidation 
behavior  in  blended  fuels  is  given  a  little  later  in  this  section. 

Since  deposit-forming  precursor  in  the  model  is  directly  generated  during 
the  oxidation  process,  the  deposition  rate  started  with  a  maximum  value  and 
then  decreased  with  stress  duration  (note  that  the  initial  5.08-cm  tube  is  not 
heated).  The  models  for  POSF-2827  and  POSF-2747  were  calibrated  to  yield 
maximum  deposition  rates  of  ^  16  and  ~2}ig/hr/cc,  respectively.  As  seen 
from  Figure  4,  the  predicted  deposition  rates  for  blended  fuels  deviate 
significantly  from  the  measurements  (Fig.  2).  Overall,  the  three-step  model 
failed  to  predict  the  peak  deposition  rate  and  its  location  for  different  blends 
of  POSF-2827  and  POSF-2747  fuels. 

Predictions  for  the  thermal-stability  of  the  blended  fuels  were  made  using 
the  nine-step  global  chemistry  models  described  previously.  The  calibration 
parameters  in  this  model  are  (1)  the  activation  energy  and  the  pre¬ 
exponential  factor  for  the  autoxidation  reaction  (5a)  and  (2)  the  concentra¬ 
tion  of  Fs  which  represents  the  amount  of  sulfur  compounds  present  in  fuel. 
Using  the  experimental  data  obtained  for  the  neat  POSF-2827  and  POSF- 
2747  fuels,  the  global  nine-step  models  for  these  fuels  were  calibrated.  The 
rate  constants  obtained  for  the  autoxidation  of  POSF-2827  are  ^5a  = 
4.4  X  lO^^mole/m^/s  and  Es^  =  32,000  cal/mole/K,  and  the  concentration  of 
Fs  was  found  to  be  100  ppm.  Similarly,  the  calibration  parameters  obtained 
for  POSF-2747  are  ^5^  =  2.0  x  lO^^mole/m^/s,  £5^  =  32,000  cal/mole/K, 
and  Fs  =  1.2  ppm.  Once  the  models  for  the  neat  fuel  are  calibrated,  then  the 
global-chemistry  model  for  a  mixture  of  these  two  neat  fuels  is  obtained  by 
weight  averaging  the  pre-exponential  and  Fs  values  of  the  neat  fuels  (note 
that  the  activation  energies  are  the  same).  The  weighting  factors  were 
determined  from  the  mole  fractions  of  POSF-2827  and  POSF-2747  fuels  in 
the  blend.  The  rate  constants  for  the  other  reactions  are  chosen  to  be  the 
same  as  those  used  in  Ref.  28. 
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Results  obtained  in  the  form  of  oxygen  consumption  and  surface 
deposition  for  the  two  neat  fuels  and  three  blends  are  shown  in  Figures  5 
and  6,  respectively.  Here,  the  percentage  number  indicates  the  amount  of 
POSF-2827  present  in  the  blend.  The  neat  POSF-2747  fuel  is  referred  to 
as  0%  blend.  As  expected,  the  model  predicted  that  the  oxygen- 
consumption  rates  for  the  blended  fuels  fall  between  the  rates  obtained 
for  the  two  neat  fuels.  In  general,  as  the  oxygen  consumption  rate 
increases  with  dilution  of  POSF-2827,  the  location  of  the  peak  deposition 
rate  shifts  toward  shorter  stress  times.  Interestingly,  the  magnitude  of  the 
peak  deposition  rate  initially  increased  for  a  dilution  of  up  to  50%  and 
then  decreased  with  further  dilution.  The  predictions  for  oxygen 
consumption  (Fig.  5)  and  deposition  (Fig.  6)  obtained  with  the  nine-step 
global-chemistry  model  qualitatively  agree  with  the  respective  experi¬ 
mental  data  in  Figures  1  and  2.  The  measured  oxygen-consumption  rate 
for  the  blended  fuels  also  falls  between  the  rates  obtained  for  the  two  neat 
fuels,  and  the  peak  deposition  rate  also  initially  increases  with  dilution  of 
POSF-2827.  However,  a  critical  comparison  of  predictions  and  measure¬ 
ments  reveals  some  important  deficiencies  of  the  nine-step  thermal- 
stability  model. 


FIGURE  5  Oxygen  consumption  in  POSF-2827  and  POSF-2747  blends  predicted  using  nine- 
step  global-chemistry  model  Percentages  represent  amount  of  POSF-2827  in  the  mixtvire. 
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FIGURE  6  Surface  deposition  rate  in  POSF-2827  and  POSF-2747  blends  predicted  using 
nine-step  global-chemistry  model.  Percentages  represent  amount  of  POSF-2827  in  the  mixture. 


The  experimental  data  in  Figure  1  suggest  that  when  POSF-2747  is  added 
to  POSF-2827,  the  rate  of  consumption  of  dissolved  oxygen  does  not  change 
significantly  for  dilution  of  up  to  75%  but  then  increases  more  rapidly  with 
further  dilution.  Jones  et  al  (1996)  attributed  this  behavior  to  excess 
amounts  of  antioxidants  present  in  the  straight-run  POSF-2827  fuel. 
Antioxidants  in  a  fuel  are  known  to  tie-up  the  free  radicals  that  are 
necessary  for  the  autoxidation  process.  Usually  small  amounts  of 
antioxidants  are  sufficient  to  affect  the  autoxidation  process.  On  the  other 
hand,  the  negligible  amount  of  antioxidants  present  in  the  hydrotreated 
POSF-2747  fuel  does  not  influence  the  autoxidation  process  and,  hence, 
dissolved  oxygen  is  consumed  rapidly  in  this  neat  fuel.  When  POSF-2827  is 
diluted  with  antioxidant-free  POSF-2747,  the  effective  concentration  of 
antioxidant  appears  to  decrease  more  quickly  with  dilution.  On  the  other 
hand,  since  the  autoxidation  reaction  (5a)  used  in  the  nine-step  global  model 
is  not  a  direct  function  of  antioxidant  concentration  (it  needs  to  be 
calibrated  for  a  given  fuel),  the  autoxidation  rate  in  blended  fuels  decreases 
more  slowly  with  contamination  of  POSF-2747  fuel  by  POSF-2827  fuel. 
Note  that  in  the  model,  the  blended  fuels  are  treated  as  linear  combinations 
of  the  two  neat  fuels  with  respect  to  every  constituent  species. 
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Since  the  oxygen  consumption  in  the  blended  fuel  was  not  altered 
significantly  for  dilution  of  up  to  75%  (with  respect  to  POSF-2827),  the 
location  of  the  peak  deposition  rate  in  the  experiments  (Fig.  2)  did  not  move 
significantly  from  that  of  the  neat  POSF-2827.  For  the  other  blends  having 
more  diluted  POSF-2827,  the  peak-deposition-rate  location  followed  the 
oxygen-consumption  rate  and  shifted  exponentially  toward  shorter  stress 
times.  The  peak  deposition  rate  for  all  blends  having  at  least  6.3%  POSF- 
2827  is  higher  than  that  for  the  neat  POSF-2827.  This  higher  deposition  rate 
is  attributed  to  the  higher  steady-state  concentrations  of  hydroperoxides 
which  mainly  build  up  when  the  oxygen  consumption  is  delayed  by 
antioxidants.  The  peroxide-decomposition  reaction  (If)  is  thought  to  be  the 
main  pathway  responsible  for  deposition  in  jet  fuels.  The  precursor- 
formation  reaction  (5c)  in  the  nine-step  global-chemistry  model  represents 
this  peroxide-decomposition  process;  hence,  the  predicted  peak  deposition 
rate  increases  when  the  neat  POSE-2827  is  diluted  up  to  ^40%  with  POSF- 
2747.  However,  the  amount  of  increase  is  much  smaller  than  that  obtained 
in  the  experiments.  This  could  be  due,  in  part,  to  the  difficulty  in  predicting 
oxygen-consumption  rates  for  the  blended  fuels. 

Modified  Nine-Step  Model 

A  close  look  at  the  semi-detailed,  thermal-stability  model  [Eqs.  (la) -(If)] 
suggests  that  the  termination  of  ROOH  due  to  sulfur  compounds  [R'S  in 
Eq.  (if)]  reduces  the  rate  of  free-radical  initiation  and  thereby,  delays 
depletion  of  oxygen  in  the  fuel.  On  the  other  hand,  as  R'S  promotes  the 
production  of  gums  and  solids,  its  presence  in  the  fuel  increases  the 
deposition  also.  This  behavior  of  sulfur  compounds  in  the  fuel  is  similar  to 
that  of  antioxidants.  The  overall  effects  of  antioxidant  reactions  due  to 
sulfur  compounds  are  to  decrease  ROOH  and  to  increase  deposition.  In 
contrast,  the  dissolved  metals  in  the  fuel  augment  the  radical  initiation 
[Eq.  (lb)]  through  catalytic  reactions  and  thereby,  promote  deposition.  The 
overall  effects  of  catalytic  reactions  due  to  the  dissolved  metals  are  to 
increase  ROOH  and  deposition  in  the  fuel. 

The  calibration  parameter  Fs  used  in  the  nine-step  model  was  designed  to 
represent  fuels  having  impurities  such  as  sulfur  compounds  and  metals. 
However,  in  the  model  it  influences  only  the  destruction  of  hydroperoxides, 
having  no  bearing  on  the  autoxidation  reaction  (5a)  and,  hence,  on  the 
production  of  hydroperoxides.  Recently,  Ervin  et  al.  (1997)  incorporated  the 
autoxidation  mechanism  described  by  Zabamick  (1993)  into  the  “foul2d” 
code  and  demonstrated  that  the  rate  of  consumption  of  oxygen  in  the  fuel 
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can  be  controlled  by  varying  the  concentration  of  antioxidant  or  sulfur 
compounds.  This  mechanism  consists  of  17  bulk-phase  reactions  for  the 
autoxidation  process  alone.  When  this  mechanism  is  combined  with  the 
insoluble-formation  and  wall  reactions  to  obtain  a  comprehensive  descrip¬ 
tion  for  the  thermal  stability  of  fuel,  the  resulting  model  (still  a  global  one) 
could  become  very  complicated  and  the  number  of  “unknowns”  in  the 
model  could  make  the  calibration  procedure  using  the  limited  data  a  near¬ 
impossible  task.  Further  research  must  be  performed  to  determine  the  rate 
constants  from  the  first  principles  for  at  least  some  of  the  reactions  involved 
in  this  model.  Therefore,  even  though  such  comprehensive  models  could  be 
extremely  useful  in  understanding  specific  processes  such  the  antioxidant 
behavior  in  fuels,  incorporation  of  these  models  into  the  global-chemistry 
models  for  fuel  thermal  stability  may  not  be  possible  in  the  near  future.  As 
an  alternative  approach,  some  of  the  problems  associated  with  the  nine-step 
model  in  predicting  the  blended-fuel  characteristics  can  be  overcome  by 
making  Fs  in  the  model  influence  all  the  reactions  directly  or  indirectly.  This 
can  easily  be  done  by  treating  the  six  bulk  reactions  (5a)~(5f)  as  global 
reactions  (Le.,  reaction  rate  could  be  a  function  of  reactants  as  well  as  other 
species).  The  proposed  modifications  for  the  rate  expressions  of  the  six 
reactions  (5a) -(5f)  are  as  follow: 


^5a  — 


{-EsjRT) 


(6a) 


ks,  =  [F,][ROOH]^5oe(-^"=/''^’ 


^5d  = 


[02]i„-[02] 


[02]i. 


[R][i^,]-U5de' 


^5f  = 


(6b) 

(6c) 

(6d) 

(6e) 

(6f) 


Here,  [02]in  represents  the  initial  concentration  of  dissolved  oxygen  present 
in  the  fuel  and  Fy,  the  equivalent  concentration  of  sulfur  compounds  and 
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antioxidants.  According  to  the  new  rate  expression  (6a)  for  the  autoxidation 
reactions  (5a),  the  rate  of  consumption  of  oxygen  decreases  as  the 
concentration  of  increases.  A  hydrotreated  fuel  with  a  very  low  value 
of  Fs  depletes  the  dissolved  oxygen  rapidly.  However,  the  modification 
incorporated  to  the  rate  expression  for  reaction  (5a)  affects  the  production 
of  ROOH  as  well.  The  semi-detailed  model  for  thermal  stability  suggests 
that  the  rate  of  oxygen  consumption  in  the  fuel  is  controlled  by  the  steady- 
state  concentration  of  ROOH  which  is  modified  by  the  presence  of 
antioxidants  and  sulfur  compounds.  Therefore,  the  rapid  buildup  of  ROOH 
with  decreasing  Fs  in  the  modified  nine-step  model  is  controlled  by 
accelerating  the  conversion  of  ROOH  into  solubles  using  Eq.  (6b).  The  rate 
expression  (6c)  is  the  same  as  the  one  used  in  the  original  nine-step  model 
(Katta  et  al.,  1993). 

Finally,  the  surface-deposition  rate  resulting  from  the  wall  reactions  (5g) 
through  (5i)  is  given  as 

®  =  |Oal„„^5.eWn  + 

Note  that  the  shear-stress  factor  used  in  the  original  nine-step  model  is  not 
considered  in  this  modified  one  to  avoid  the  influence  of  possible 
uncertainties  in  estimating  shear  stress  using  different  turbulence  models 
on  deposition  prediction. 

Several  experiments  have  shown  that  the  rate  of  surface  deposition 
decrease  to  a  near-zero  value  as  the  oxygen  in  the  fuel  is  completely 
consumed  which  means  that  certain  products  generated  during  the 
oxidation  of  fuel  tend  to  remove  the  deposit-forming  precursor.  This  effect 
is  integrated  into  the  nine-step  global  model  by  making  the  rate  expression 
(6d)  for  the  precursor-destruction  reaction  proportional  to  the  amount  of 
oxygen  depleted  and  inversely  proportional  to  F^.  The  production  of  bulk 
particles  in  the  modified  nine-step  model  is  also  set  proportional  to  the 
concentration  F^,  and  their  agglomeration  is  limited  by  replacing  power  I 
with  0.4  in  Eq.  (6f). 

The  modified  nine-step  model  is  used  to  predict  the  thermal-stability 
characteristics  of  the  blended  fuels.  The  activation  energy  and  pre¬ 
exponential  factors  for  the  six  bulk-phase  and  three  wall  reactions  were 
calibrated  for  the  neat  POSF-2827  fuel  by  assuming  100  ppm  of  F^  present  in 
this  fuel.  The  rate  parameters  are  given  in  Table  II.  The  neat  fuel  POSF- 
2747  is  treated  mathematically  in  the  same  way  (same  rate  constants)  as  the 
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TABLE  II  Rate  constants  used  for  the  modified  nine-step  global-reaction  model 


Reaction 

Pre-exponential  factor  {A) 

Activation  energy  {E) 

5a 

1.16  X  I0^‘mole/m^/s 

32,000  cal/mole/K 

5b 

3.98  X  10^  s-' 

10,000  cal/mole/K 

5c 

8.0x  lO’s-' 

1 5,000  cal/moIe/K 

5d 

2.4x  10‘®s"' 

35,000  cal/mole/K 

5e 

1.2x  10‘s~' 

10,000  cai/mole/K 

5f 

l.Ox  10"“s"' 

o' 

5g 

2.0  X  IQ-^m/s 

1 5,000  cal/mole/K 

5h 

1.4  X  10^  m/s 

22,000  cal/mole/K 

5i 

0.5  X  10"^ 

10,000  cal/mole/K 

POSF-2827  fuel  except  that  the  concentration  of  is  only  1.2  ppm. 
Therefore,  only  one  set  of  rate  constants  was  used  for  simulation  of  the 
thermal-stability  characteristics  of  two  neat  fuels  and  their  blends. 

The  oxygen-consumption  and  surface-deposition  rates  in  different 
mixtures  of  POSF-2827  and  POSF-2747  fuels  are  shown  in  Figures  7  and 
8,  respectively.  As  the  neat  POSF-2827  is  diluted  with  the  hydrotreated 
POSF-2747  fuel,  the  oxygen-consumption  rate  increases  slightly  for  dilu¬ 
tion  up  to  75%  and  then  increases  rapidly  with  further  dilution.  These 


FIGURE  7  Oxygen  consumption  in  POSF-2827  and  POSF-2747  blends  predicted  using 
modified  nine-step  global-chemistry  model.  Percentages  represent  amount  of  POSF-2827  in  the 
mixture. 
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FIGURES  Surface  deposition  rate  in  POSF-2827  and  POSF-2747  blends  predicted  using 
modified  nine-step  global-chemistry  model.  Percentages  represent  amount  of  POSF-2827  in  the 
mixture. 


consumption  rates  agree  very  well  with  those  obtained  in  the  experiments 
(Fig.  1).  Following  oxygen  consumption,  the  location  of  the  peak  deposition 
rate  in  Figure  8  for  the  blends  also  shifts  toward  shorter  ,  stress  times - 
initially  slowly  and  then  more  rapidly  with  POSF-2747  dilution.  The 
mixture  of  25%  POSF-2827  and  75%  POSF-2747  yields  the  highest 
deposition  rate  of  ^27mg/hr/cc.  The  peak  deposition  rates  for  different 
blends  and  neat  fuels  correspond  well  to  those  measured  by  Jones  et 
aL(l996). 

The  modified-nine-step  model  was  developed  to  predict  the  concentra¬ 
tions  of  bulk  deposits  in  stressed  fuel  along  with  oxygen-consumption  and 
surface-deposition  rates.  Bulk  deposits  in  the  experiments  are  usually 
measured  by  placing  a  sub-micron-size  filter  in  the  fuel  passage.  Jones  et 
al.  (1996)  collected  the  bulk  deposits  in  different  blended  fuels  of  POSF-2827 
and  POSF-2747  by  placing  a  sub-micron-size  filter  in  the  fuel  stream 
immediately  downstream  of  the  heated-tube  test  section.  Therefore,  the 
concentrations  of  bulk  deposits  present  in  the  fuel  at  the  end  of  the  heated- 
tube  section  were  obtained  for  different  fuel  blends  in  the  present 
simulations  and  plotted  in  Figure  9  along  with  the  total  amount  of  surface 
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[POSF-28271  (%) 

FIGURE  9  Predicted  total  amount  of  surface  and  bulk  deposits  in  POSF-2827  and  POSF- 
2747  blends. 


deposits.  The  latter  was  obtained  by  integrating  the  area  under  each  curve 
shown  in  Figure  8.  The  corresponding  data  obtained  from  the  experiments 
(Jones  et  al,  1996)  are  shown  in  Figure  10.  As  the  POSF-2827  fuel  is  mixed 
with  POSF-2747,  both  the  bulk  and  surface  deposits  (or  insolubles)  increase 
for  dilution  up  to  25%  with  respect  to  the  former  fuel.  While  the  neat  POSF- 
2827  fuel  yields  more  surface  deposits  than  bulk  deposits,  the  former 
gradually  decreases  with  POSF-2747  dilution,  whereas  the  latter  gradually 
increases.  Calculations  showed  that  when  the  dilution  level  is  increased  to 
50%,  bulk  insolubles  exceed  those  collected  on  the  surface.  As  dilution  is 
increased  beyond  the  25%  level,  both  the  surface  and  bulk  deposits  decrease 
rapidly,  and  a  very  small  amount  of  deposits  is  predicted  for  neat  POSF- 
2747  fuel.  Similar  trends  in  bulk  and  surface  deposits  with  respect  to  dilution 
of  POSF-2827  with  POSF-2747  were  observed  in  the  experiments  of  Jones  et 
al  (1996).  As  shown  in  Figures  9  and  10,  good  agreement  between  the 
predictions  and  experimental  data  was  obtained. 

The  calculated  and  measured  (Jones  et  al,  1996)  hydroperoxide 
concentrations  for  dilferent  fuel  blends  are  shown  in  Figures  11  and  12, 
respectively.  In  general,  the  concentration  of  ROOH  decreases  with  the 
contamination  of  POSF-2747  with  POSF-2827.  The  low  concentration  of 


1181 


98 


V.  R.  KATTA  et  al 


[POSF-2827]  (%) 

FIGURE  10  Total  quantities  of  surface  and  bulk  deposits  measured  in  POSF-2827  and 
POSF-2747  blends. 


FIGURE  11  Predicted  hydroperoxides  in  POSF-2827  and  POSF-2747  blends.  Percentage 
represent  amount  of  POSF-2827  in  the  mixture. 
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FIGURE  12  Measured  hydroperoxides  in  POSF-2827  and  POSF-2747  blends.  Percentage 
represent  amount  of  POSF-2827  in  the  mixture. 


sulfur  compounds  in  the  hydrotreated  fuel  is  responsible  for  the  buildup  of 
ROOH.  In  contrast,  the  high  concentration  of  Fs  in  the  straight-run  fuel 
(POSF-2827)  is  consuming  most  of  the  hydroperoxides  formed  during  the 
autoxidation  process.  In  neat  POSF-2747  the  concentration  of  ROOH  has 
increased  rapidly  with  stress  duration,  reaching  a  maximum  value  at  about 
3  min.  The  qualitative  agreement  between  the  predicted  and  measured 
concentrations  for  ROOH  seems  reasonable,  especially  considering  the  fact 
that  a  significant  amount  of  uncertainty  exists  in  the  measurements  for 
ROOH.  A  major  discrepancy  can  be  noted  from  the  data  obtained  for  neat 
POSF-2747  in  Figures  11  and  12.  While  calculations  yielded  rapid 
consumption  of  ROOH  after  a  maximum  at  ~3min,  the  experiments 
showed  a  steady  concentration  at  all  times  after  3  min  of  stressing. 
Interestingly,  even  in  the  blended  fuel  having  nearly  93.3%  POSF-2747 
(Le.,  6.3%  of  POSF-2827),  hydroperoxide  depletion  began  soon  after  the 
maximum  was  reached.  To  understanding  the  observed  peculiar  behavior  of 
neat  POSF-2747,  further  investigations  will  be  required. 

The  bulk  deposits  shown  in  Figure  9  were  obtained  at  the  end  of  the 
heated-tube  section,  and  the  surface  deposits  shown  in  Figures  8  and  9  were 
obtained  at  the  tube  surface.  A  majority  of  these  surface  deposits  result  from 
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the  transport  of  precursor  (P)  in  the  bulk  fuel  to  the  walls.  The  distributions 
of  bulk  precursor  and  deposits  in  the  heated  tube  are  shown  in  Figures  13 
and  14,  respectively.  The  bulk  precursor  concentrations  closely  follow  the 
surface-deposition  rates  shown  in  Figure  8  for  these  isothermal  conditions. 
Also,  the  identical  shapes  of  the  plots  in  Figures  8  and  13  suggest  that  the 
fraction  of  precursor  lost  to  the  walls  during  the  deposition  process  is  quite 
insignificant.  Most  of  the  precursor  is  converted  to  solubles  through 
reaction  (5d).  As  seen  in  Figure  14,  the  concentration  of  bulk  deposits  has 
increased  almost  linearly  and  then  reached  a  constant  value.  The 
agglomeration  process  seems  very  slow  at  this  temperature  of  458  K. 

Figure  15  shows  the  distribution  of  velocity,  temperature,  and  concentra¬ 
tion  of  O2,  ROOH,  P,  and  i)buik  within  the  test-section  for  the  neat  POSF- 
2827  case.  At  this  low  flow  rate  of  0.25cc/min,  the  flow  became  a  fully 
developed  laminar  one  and  most  of  the  flow  is  under  isothermal  conditions. 
Oxygen  [Fig.  15(c)]  is  consumed  gradually,  and  oxygen-free  fuel  is 
established  in  the  second  half  of  the  test-section.  During  the  autoxidation 
process,  the  concentration  of  ROOH  remained  nearly  constant,  as  seen  in 
Figure  15(d),  The  modified  nine-step  model  simulates  steady-state  concen- 


FIGURE  13  Predicted  concentrations  of  precursor  in  bulk  fuel  as  POSF-2827  and  POSF- 
2747  blended  fuel  passes  through  the  heated  tube.  Percentages  represent  amount  of  POSF-2827 
in  the  mixture. 
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FIGURE  14  Predicted  concentrations  of  solids  in  bulk  fuel  (Dbuik)  as  POSF-2827  and  POSF- 
2747  blended  fuel  passes  through  the  heated  tube.  Percentages  represent  amount  of  POSF-2827 
in  the  mixture. 


trations  for  ROOH-very  similar  to  the  semi-detailed  oxidation-model 
predictions.  Interestingly,  even  though  the  fuel  in  the  test-section  is  under 
isothermal  conditions,  the  concentrations  of  different  species  are  not 
uniform  within  the  tube  cross  section  because  of  the  small  heating  zone  at 
the  entrance  of  the  test-section.  Among  the  species  considered,  the  bulk 
particles  show  the  most  significant  variation  across  the  tube  cross  section. 


Predictions  for  Higher  Flow-Rate  Conditions 

Simulations  made  for  blended  POSF-2827  and  POSF-2747  fuels  at  458  K 
and  a  flow  rate  of  0.25  cc/min  suggest  that  the  modified  nine-step  model  for 
fuel  thermal  stability  predicts  the  surface  and  bulk  deposits  with  reasonable 
accuracy.  These  near-isothermal  studies  are  useful  for  understanding  and, 
thereby,  developing  global  mathematical  models  for  thermal  stability. 
However,  since  most  practical  systems  involving  thermal  management 
operate  under  non-isothermal  and  turbulent-flow  conditions,  the  thermal- 
stability  models  developed  under  iso-thermal  conditions  should  also  be 
applicable  for  flows  in  which  the  temperature  varies  over  a  wide  range. 
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Recently,  Jones  et  ai,  extended  the  operating  range  of  the  NIFTR  for 
studying  the  effects  of  additives  on  fuel  thermal  stability  under  non- 
isothermal  conditions.  Typical  results  obtained  for  a  Jet-A  fuel  with  JP-8 
additive  (designated  by  Wright  Laboratory  as  POSF-3219  fuel)  are  shown  in 
Figure  16.  The  block  temperature  (TbiocIc)  and  flow  rate  used  in  this 
experiment  were  573  K  and  16cc/min,  respectively.  Calculations  were  made 
for  this  experiment  using  the  modified  nine-step  model.  The  only  variable  in 
this  model  that  must  be  calibrated  for  a  given  fuel  is,  Fy,  the  concentration  of 
sulfur  compounds  involved  in  the  deposition  process.  It  is  known  that  1)  the 
thermal-stability  characteristics  of  JP-8  class  POSF-3219  fuel  are  superior  to 
those  of  the  straight-run  POSF-2827  fuel  and  2)  the  total  amount  of  sulfur 
present  in  the  former  fuel  is  only  ~42%  of  that  in  the  latter  (321  and 
763  ppm,  respectively).  Therefore,  calculations  for  the  heated-tube  experi¬ 
ment  with  POSF-3219  fuel  were  performed  using  a  value  of  40ppm  (by 
volume)  for  F,  rather  than  the  100  ppm  used  for  the  simulations  with  POSF- 
2827  fuel. 

Earlier  numerical  and  experimental  studies  (Katta  et  al,  1995)  on  a  rig 
very  similar  to  the  NIFTR  suggested  that  (1)  although  the  flow  at  16cc/min 
does  not  represent  a  turbulent  one  based  on  Reynolds  number,  it  becomes 
turbulent  because  of  buoyancy  and  a  simulation  assuming  turbulent  flow 
inside  the  tube  represents  the  experiment  more  closely  and  (2)  the 


FIGURE  16  Predicted  and  measured  surface  deposition  rate  along  tube  length.  Flow  rate  was 
16cc/min,  block  temperature  was  573  K,  and  fuel  used  was  POSF-3219. 
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temperature  of  the  tube  wall  deviates  from  that  of  the  block  near  the 
entrance.  Therefore,  calculations  for  the  NIFTR  experiment  under  non> 
isothermal  conditions  were  performed  assuming  the  flow  to  be  turbulent  and 
the  wall-temperature  (TVaii)  distribution  to  be  as  shown  in  Figure  16. 
Predicted  surface  deposition  rate  and  bulk-fuel  temperature  are  shown  by 
solid  and  broken  lines,  respectively.  As  this  figure  shows,  a  good  correlation 
between  predicted  and  measured  deposition  rates  is  obtained  with  the 
modified  nine-step  model.  The  measured  and  predicted  oxygen-consump¬ 
tion  rates  at  458  K  with  respect  to  stress  duration  are  plotted  in  Figure  17. 
As  expected,  calculations  predict  that  the  dissolved  oxygen  in  POSF-3219 
fuel  (70  ppm  by  weight)  will  be  completely  consumed  in  about  7  min -much 
more  rapidly  than  that  observed  in  POSF-2827  fuel  which  has  a  higher 
concentration  of  sulfur  compounds.  Predictions  for  dissolved  oxygen 
showed  good  correlation  with  measurements  until  the  available  oxygen  fell 
below  50%  of  the  initial  value.  At  this  level  the  measured  data  suggest  that 
consumption  of  oxygen  is  accelerated  and  that  all  available  oxygen  is 
depleted  in  about  4.5  min.  It  is  believed  that  this  acceleration  in  the 
experiments  results  from  increased  decomposition  of  hydroperoxides 
through  Reaction  (lb)  at  the  active  tube  walls.  Usually,  in  deposition 
experiments  such  as  those  represented  by  Figure  16,  the  reactivity  of  the 
tube  walls  decreases  as  the  deposits-  build  up.  As  a  result  the  oxygen- 
consumption  rate  in  tubes  coated  with  carbon  is  lower  than  that  in  the  clean 
tubes.  Since  the  data  shown  in  Figure  17  were  obtained  with  clean  tubes,  the 
acceleration  at  longer  stress  durations  could  result  from  surface  catalysis 
which  is  not  considered  in  the  present  nine-step  model.  Overall,  the 
agreement  obtained  between  predictions  and  experimental  data  for  both 
surface  deposition  and  oxygen  consumption  under  non-isothermal  condi¬ 
tions  is  quite  reasonable. 

The  second  case  considered  for  the  purpose  of  assessing  the  ability  of  the 
modified  nine-step  model  in  predicting  fuel  thermal  stability  under  turbulent 
conditions  is  taken  from  the  experimental  work  of  Edwards  and  Krieger 
(1995).  A  Jet-A  fuel  (designated  by  Wright  Laboratory  as  POSF-2926)  was 
passed  through  a  0.32-cm-o.d,  0.14-cm-i.d,  and  122-cm-long  stainless  steel 
tube  placed  in  a  furnace  heated  to  ~800K.  The  flow  rate  used  in  this 
experiment  was  102cc/min.  Because  of  the  high  flow  rate  and  poor  contact 
between  the  furnace  and  the  tube  outer  wall,  the  thermal  boundary 
condition  along  the  tube  outer  wall  was  a  combination  of  constant  heat  flux 
and  constant  temperature;  however,  for  simulation  purposes  it  is  thought 
that  a  constant-heat-fiux  boundary  condition  represents  this  experiment 
more  accurately  than  a  constant-temperature  boundary  condition. 
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FIGURE  17  Predicted  and  measured  oxygen  consumption  in  POSF-3219  fuel.  Fs  =  40  ppm 
by  volume. 


Results  obtained  from  the  turbulent  simulations  for  the  above  experiment 
are  shown  in  Figure^lS.  Toward  the  exit  of  the  tube,  the  tube  wall  (Twaii) 
begins  to  attain  the  furnace  temperature.  The  bulk  fuel  temperature 
predicted  at  the  exit  of  the  tube  correlates  well  with  the  measured  value. 
Since  the  total  sulfur  present  in  this  fuel  (POSF-2926)  is  524  ppm  (~  67%  of 
that  measured  in  POSF-2827  fuel),  a  value  of  70  ppm  (by  volume)  is  used  for 
Fs  to  simulate  the  thermal  stability  of  the  fuel  in  this  experiment.  The 
predicted  and  measured  deposition  rates  are  plotted  in  Figure  19.  The 
predicted  peak  deposition  rate  of  250  pg/cm^/hr,  its  location  of  80  cm,  and 
its  fall  off  for  tube  lengths  >  80  cm  compare  favorably  with  measured 
values.  However,  experiments  have  yielded  higher  deposition  rates  in  tube 
sections  that  are  <  80  cm  from  the  entrance.  This  could  be  due,  in  part,  to 
the  inaccuracy  in  prescribing  the  temperature  boundary  condition  along  the 
tube  outer  wall. 

The  last  case  considered  here  is  an  experimental  investigation  conducted 
by  Marteney  and  Spadaccini  (1986)  at  United  Technology  Research  Center 
(UTRC).  They  used  a  244-cm-long  stainless-steel  tube  having  an  inside 
diameter  of  0.224  cm  for  determining  the  thermal  stability  of  a  copper- 
contaminated  JP-5  fuel.  The  tube  was  directly  heated  by  passing  current 
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FIGURE  1 8  Predicted  and  measured  surface  deposition  rate  along  tube  length.  Flow  rate  was 
102cc/min,  block  temperature  was  800  K,  and  fuel  used  was  POSF-2926. 


FIGURE  19  Wall  and  bulk-fuel  temperatures  along  tube  length  obtained  in  UTRC’s 
constant-heat-flux  experiment.  Jet  A  fuel  at  a  flow  rate  of  502cc/min  was  used. 


1190 


DEPOSITION  IN  LIQUID  FUELS 


107 


through  it  which  resulted  in  a  constant-heat-flux  boundary  condition.  A 
flow  rate  of  502  cc/min  was  used  to  generate  a  fully  turbulent  flow  inside  the 
tube.  This  experiment  was  modeled  earlier  by  Giovanetti  and  Szetela  (1986) 
using  a  two-step  mechanism  and  by  Krazinski  et  al.  (1992)  using  three-step 
mechanism.  In  both  of  these  works,  this  experiment  was  used  to  calibrate 
the  rate  constants  of  the  two-step  and  three-step  reaction  mechanisms. 

Calculations  were  made  for  the  experiment  of  Marteney  and  Spadaccini 
using  the  modified  nine-step  model  and  “foul2d”  time-dependent  CFD 
code.  The  near-linear  temperature  profiles  of  the  tube  outer  wall  and  bulk 
fuel  resulting  from  the  constant-heat-flux  boundary  condition  are  compared 
with  the  experimental  data  in  Figure  19.  The  initial  spike  in  tube-outer-wall 
temperature  indicates  the  flow  transition  from  laminar  to  turbulent. 
However,  calculations  did  not  predict  this  spike  since  they  were  performed 
assuming  a  turbulent  flow  all  along  the  tube.  The  predicted  and  measured 
deposition  rates  are  compared  in  Figure  20.  The  high  peak  deposition  rate 
on  the  order  of  1200  pg/cm^/hr  resulted,  in  part,  because  of  the  copper  used 
in  the  fuel  to  accelerate  the  deposition  process.  Since  all  the  metals  that 
promote  deposition  are  treated  as  “F/’  in  the  nine-step  model,  a  high  value 
of  400  ppm  (by  volume)  was  chosen  for  Fs  to  simulate  this  copper- 


FIGURE  20  Predicted  and  measured  surface  deposition  rate  with  respect  to  wall  temperature 
in  UTRCs  experiment.  Fg  =  400  ppm  by  volume. 
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contaminated  JP-5  fuel.  As  evident  from  Figure  20,  the  model  correctly 
predicted  the  location  and  magnitude  for  the  peak  deposition  rate. 
However,  as  also  observed  in  the  previous  case  (Fig.  17),  the  model 
predictions  appear  to  deviate  from  the  measurements  at  lower  temperatures. 

The  modified  nine-step  model  developed  in  the  present  study  represents  a 
“global”  model  for  the  thermal  stability  of  the  fuel,  and  the  rate  constants 
given  in  Table  11  are  not  the  universal  values.  A  fine  adjustment  for  these  rate 
constants  may  be  required  for  each  fuel  to  achieve  a  more  accurate 
representation  which  requires  a  significant  amount  of  controlled  experimental 
data  just  for  calibration  purposes.  On  the  other  hand,  the  significant 
advancement  in  the  modeling  of  fuel  thermal  stability  achieved  with  the 
modified  nine-step  model  is  the  use  of  a  single  variable  “F/’  that  must  be 
calibrated  for  a  given  fuel.  Calculations  made  with  POSF-2827,  POSF-2747, 
POSF-32 1 9,  and  POSF-2926  fuels  suggest  that  the  value  of  “Fj”  in  a  given  fuel 
can  be  obtained  by  measuring  the  total  amount  of  sulfur  present  in  the  fuel. 


SUMMARY  AND  CONCLUSIONS 

Although  a  vast  amount  of  experimental  data  has  been  obtained  by  several 
researchers,  the  specific  mechanisms  governing  thermal  degradation  of  fuels 
and  the  consequent  deposit-formation  process  have  yet  to  be  identified, 
primarily  because  the  fluid  flow  and  heat  transfer  which  influence  the 
deposition  process  vary  significantly  from  experiment  to  experiment.  It  is 
thought  that  CFDC  models  will  be  useful  in  correlating  the  data  obtained 
from  various  experiments  and,  thereby,  exploring  the  large  data  base  in 
attempts  to  understand  the  deposition  phenomenon.  The  success  of  this 
approach  depends  on  the  accuracy  of  the  global-chemistry  models  used  in 
the  CFDC  codes.  Different  recently  developed  global-chemistry  models 
have  been  described  in  this  paper  as  well  as  their  relationship  to  current 
understanding  on  the  semi-detailed  chemistry  for  jet-fuel  thermal  stability. 

Recent  experiments  on  blended  fuels  prepared  by  mixing  hydrotreated 
fuel  with  a  non-hydrotreated  fuel  suggest  that  the  thermal  stability  of  the 
blend  cannot  be  linearly  extrapolated  from  the  thermal-stability  character¬ 
istics  of  the  neat  fuels.  Calculations  were  performed  using  the  CFDC  code 
known  as  “foul2d”  for  the  prediction  of  the  thermal-stability  behavior  of 
fuel  blends.  The  global-chemistry  models  developed  previously  were  found 
to  be  insufficient  for  simultaneous  prediction  of  the  deposition  and 
oxidation  rates  associated  with  the  blend  fuels.  However,  the  recently 
developed  nine-step  model  appears  to  yield  qualitatively  correct  results.  The 
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rate  expressions  for  the  bulk-fuel  reactions  in  the  nine-step  model  were 
modified  to  incorporate  antioxidant  behavior  in  jet  fuels.  These  modifica¬ 
tions  yielded  results  that  are  in  good  agreement  with  the  experimental  data. 
Predictions  made  for  higher  flow-rate  and  temperature  conditions  also 
showed  good  correlation  with  the  experimental  data.  Overall,  the  modified 
nine-step  global-chemistry  model  has  been  found  not  only  to  improve  the 
accuracy  in  predicting  quantities  such  as  oxygen  consumption  and  surface 
deposits  but  also  to  provide  additional  capabilities  for  predicting  quantities 
such  as  hydroperoxides  and  bulk  insolubles. 
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Flames,"  K.-Y.  Hsu,  V.  R.  Katta,  and  W.  M.  Roquemore,  Presented  at  the  1996 
Technical  Meeting  of  the  Central  States  Section  of  the  Combustion  Institute,  5-7  May 
1 996,  St.  Louis,  MO;  published  in  Combustion  Fundamentals  and  Applications  (The 
Combustion  Institute,  Pittsburgh,  PA,  1996),  pp.  437-442. 
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*  "Extinction  in  Methane-Air  Counterfiow  Diffusion  Fiame-A  Direct  Numericai  Study,"  V. 
R.  Katta  and  W.  M.  Roquemore,  Presented  at  the  1996  Technicai  Meeting  of  the 
Centrai  States  Section  of  the  Combustion  institute,  5-7  May  1996,  St.  Louis,  MO; 
pubiished  in  Combustion  Fundamentais  and  Appiications  (The  Combustion  Institute, 
Pittsburgh,  PA,  1996),  pp.  449-454. 

"A  Numericai  Study  on  the  Coiiisionai  Behavior  of  Dropiets,"  L.  P.  Chin,  Presented  at 
the  1 996  Technicai  Meeting  of  the  Central  States  Section  of  the  Combustion  Institute, 
5-7  May  1 996,  St.  Louis,  MO;  published  in  Combustion  Fundamentals  and  Applications 
(The  Combustion  Institute,  Pittsburgh,  PA,  1 996),  pp.  330-335. 

"A  Numerical  Study  of  the  Stability  of  Methane  Jet  Diffusion  Flames,"  F.  Takahashi  and 
V.  R.  Katta,  Presented  at  the  1996  Technical  Meeting  of  the  Central  States  Section  of 
the  Combustion  Institute,  5-7  May  1996,  St.  Louis,  MO;  published  in  Combustion 
Fundamentals  and  Applications  (The  Combustion  Institute,  Pittsburgh,  PA,  1996),  pp. 
263-268. 

"Experimental  and  Numerical  Studies  on  the  Flow  Structures  in  a  Simulated  Twin-Jet 
Airblast  Atomizer,"  P.  C.  Hsing,  R.  S.  Tankin,  and  L.  P.  Chin,  Presented  at  the  1996 
Technical  Meeting  of  the  Central  States  Section  of  the  Combustion  Institute,  5-7  May 
1996,  St.  Louis,  MO;  published  in  Combustion  Fundamentals  and  Applications  (The 
Combustion  Institute,  Pittsburgh,  PA,  1996),  pp.  344-349. 

"Momentum  Coupling  Effects  in  a  Two-Phase  Swirling  Jet,"  T.  W.  Park,  S.  K.  Aggarwal, 
and  V.  R.  Katta,  Presented  at  the  1 996  Technical  Meeting  of  the  Central  States  Section 
of  the  Combustion  Institute,  5-7  May  1996,  St.  Louis,  MO;  published  in  Combustion 
Fundamentals  and  Applications  (The  Combustion  Institute,  Pittsburgh,  PA,  1996),  pp. 
350-355. 

"Vortex-Flame  Interactions  in  Hydrogen  Jet  Diffusion  Flames;  An  Experimental  and 
Computational  Investigation,"  R.  D.  Hancock,  F.  R.  Schauer,  R.  P.  Lucht,  V.  R.  Katta, 
and  K-Y.  Hsu,  Presented  at  the  1996  Technical  Meeting  of  the  Central  States  Section 
of  the  Combustion  Institute,  5-7  May  1996,  St.  Louis,  MO;  published  in  Combustion 
Fundamentals  and  Applications  (The  Combustion  Institute,  Pittsburgh,  PA,  1996),  pp. 
425-430. 

"On  Flame-Vortex  Dynamics  in  an  Inverse  Diffusion  Flame  Combustor,"  Z.  Hsu,  S.  K. 
Aggarwal,  V.  R.  Katta,  and  I.  K.  Puri,  Presented  at  the  1 996  Technicai  Meeting  of  the 
Central  States  Section  of  the  Combustion  Institute,  5-7  May  1 996,  St.  Louis,  MO; 
published  in  Combustion  Fundamentals  and  Applications  (The  Combustion  Institute, 
Pittsburgh,  PA,  1996),  pp.  431-436. 
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"Thermal  Diffusion  and  the  Nonunity  Lewis  Number  Effects  in  Hydrogen  Jet  Diffusion 
Fiames,"  F.  R.  Schauer,  R.  D.  Hancock,  R.  P.  Lucht,  and  V.  R.  Katta,  Presented  at  the 
1996  Technical  Meeting  of  the  Centrai  States  Section  of  the  Combustion  Institute,  5-7 
May  1 996,  St.  Louis,  MO;  published  in  Combustion  Fundamentais  and  Applications 
(The  Combustion  Institute,  Pittsburgh,  PA,  1996),  pp.  97-102. 

"Possible  Combustor  Design  Trends  for  Future  Aircraft  Gas  Turbine  Engines,"  G.  J 
Sturgess,  invited  presentation  at  the  AGARD  Workshop  on  Active  Combustion  Control 
for  Propulsion  Systems/Propulsion  and  Energetics  Panel  87th  Symposium  on  Service 
Life  of  Solid  Propellant  Systems,  6-10  May  1996,  Athens,  Greece. 

"PIV  Technology  for  Turbine  Applications,"  S.  Gogineni,  Presented  at  the  AFOSR 
Annual  Review,  7  May  1996,  Aero  Propulsion  and  Power  Directorate,  Wright-Patterson 
AFB,  OH, 

"Study  of  Trapped-Vortex  Concepts  for  Aerodynamic  Drag  Reduction,"  V.  R.  Katta  and 
W.  M.  Roquemore,  Presented  at  the  1st  AFOSR  Conference  on  Dynamic  Motion  CFD, 
3-5  June  1996,  New  Brunswick,  NJ;  published  in  Proceedings  of  the  1st  AFOSR 
Conference  on  Dynamic  Motion  CFD  (L.  Sakell  and  D.  D.  Knight,  Eds.)  (Rutgers 
University,  New  Brunswick,  NJ,  1996),  pp.  379-381. 

"Combustion/Turbulence  Interaction:  A  Bridge  Between  Theory  and  Application,"  G.  J. 
Sturgess,  Presented  at  the  AFOSR/ARO  Contractors'  Meeting,  3-7  June  1996,  Virginia 
Beach,  VA. 

"Assessment  of  the  Effectiveness  of  a  Metal  Deactivator  as  Jet  Fuel  Additive,"  L.  M. 
Balster,  W.  J.  Balster,  and  E.  G.  Jones,  Poster  presented  at  the  American  Chemical 
Society  28th  Central  Regional  Meeting,  Chemistry  in  the  90's  and  Beyond,  9-1 2  June 
1996,  Dayton,  OH. 

"Techniques  to  Characterize  the  Thermal-Oxidation  Stability  of  Jet  Fuels  and  the 
Effects  of  Additives,"  V.  Vilimpoc,  B.  Sarka,  W.  L.  Weaver,  J.  R.  Gord,  and  S.  Anderson, 
Reviewed  paper.  Presented  at  the  41st  ASME  Gas  Turbine  and  Aeroengine 
Congress/Users  Symposium  and  Exposition,  10-13  June  1996,  Birmingham,  England; 
published  as  ASME  Paper  No.  96-GT-44. 

"Evaluation  of  the  Effectiveness  of  a  Metal  Deactivator  and  Other  Additives  in  Reducing 
Insolubles  in  Aviation  Fuels,"  E.  G.  Jones,  W.  J.  Balster,  and  L.  M.  Balster,  Reviewed 
paper.  Presented  at  the  41  st  ASME  Gas  Turbine  and  Aeroengine  Congress/Users 
Symposium  and  Exposition,  10-13  June  1996,  Birmingham,  England;  published  as 
ASME  Paper  No.  96-GT-204. 
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"PIV  Measurements  of  Periodically  Forced  Flat  Plate  Film  Cooling  Flows  with  High  Free 
Stream  Turbulence,"  S.  Gogineni,  D.  Trump,  D.  Pestian,  and  R.  Rivir,  Reviewed  paper. 
Presented  at  the  41st  ASME  Gas  Turbine  and  Aeroengine  Congress/Users  Symposium 
and  Exposition,  10-13  June  1996,  Birmingham,  England;  published  as  ASME  Paper  No. 
96-GT-236. 

"Recent  Progress  in  Pressure  Sensitive  Paint  Development  for  Turbomachinery,"  K. 
Sabroske,  Presented  at  the  AEDC  Propulsion  Instrumentation  Working  Group  Team 
Meeting,  18-20  June  1996,  Tullahoma,  TN. 

*  "A  Numerical  Study  of  Droplet-Vortex  Interactions  in  an  Evaporating  Spray,"  T.  W.  Park, 
S.  K.  Aggarwal,  and  V.  R.  Katta,  Int.  J.  Heat  Mass  Transfer  39(1 1),  2205  (July  1996). 

*  "Emissions  and  Operability  Trades  in  the  Primary  Zones  of  Gas  Turbine  Combustors," 
G.  Sturgess,  S.  P.  Gogineni,  D.  Shouse,  C.  Frayne,  and  J.  Stutrud,  Presented  at  the 
32nd  AIAA/ASME/SAE/ASEE  Joint  Propulsion  Conference,  1-3  July  1996,  Lake  Buena 
Vista,  FL,  and  published  as  AIAA  Paper  No.  96-2758. 

*  "A  Hybrid  Model  for  Calculating  Lean  Blow-outs  in  Practical  Combustors,"  G.  J. 

Sturgess  and  D.  Shouse,  Presented  at  the  32nd  AIAA/ASME/SAE/ASEE  Joint 
Propulsion  Conference,  1  -3  July  1 996,  Lake  Buena  Vista,  FL,  and  published  as  AIAA 
Paper  No.  96-31 25. 

*  "Numerical  Studies  on  Trapped-Vortex  Combustor,"  V.  R.  Katta  and  W.  M.  Roquemore, 
Presented  at  the  32nd  AIAA/ASME/SAE/ASEE  Joint  Propulsion  Conference,  1  -3  July 
1996,  Lake  Buena  Vista,  FL,  and  published  as  AIAA  Paper  No.  96-2660. 

"High-Resolution  Digital  Two-Color  PIV  (D2CPIV)  and  Its  Applications  to  High- 
Freestream  Turbulent  Flows,"  S.  P.  Gogineni,  D.  Trump,  L.  Goss,  R.  Rivir,  and  D. 
Pestian,  Reviewed  paper.  Presented  at  the  8th  International  Symposium  on 
Applications  of  Laser  Techniques  to  Fluid  Mechanics,  8-1 1  July  1996,  Lisbon,  Portugal; 
published  in  Proceedings,  Vol.  I,  pp.  18.2.1  - 18.2.8. 

"Optical  Pressure  and  Temperature  Measurements  Based  on  Fluorescence 
Quenching,"  J.  R.  Gord,  D.  C.  Rabe,  D.  Car,  C.  E.  Baird,  L.  P.  Goss,  K.  P.  Sabroske, 
and  K.  D.  Grinstead,  Presented  at  the  38th  Rocky  Mountain  Conference  on  Analytical 
Chemistry,  21-26  July  1996,  Denver,  CO. 

*  'Thermal  Diffusion  Effects  and  Vortex-Flame  Interactions  in  Hydrogen  Jet  Diffusion 
Flames,"  R.  D.  Hancock,  F.  R.  Schauer,  R.  P.  Lucht,  V.  R.  Katta,  and  K-Y.  Hsu, 
Reviewed  paper.  Presented  at  the  26th  International  Symposium  on  Combustion,  28 
July  -  5  August  1 996,  Naples,  Italy;  published  in  Twenty-Sixth  Symposium 
(International)  on  Combustion  (The  Combustion  Institute,  Pittsburgh,  PA,  1996),  pp. 
1087-1093. 
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"Unsteady  Extinction  Mechanisms  of  Diffusion  Flames,"  F.  Takahashi  and  V.  R.  Katta, 
Reviewed  paper,  Presented  at  the  26th  International  Symposium  on  Combustion,  28 
Juiy  -  5  August  1996,  Napies,  Itaiy;  published  in  Twenty-Sixth  Symposium 
(International)  on  Combustion  (The  Combustion  Institute,  Pittsburgh,  PA,  1996),  pp. 
1151-1160. 

'The  Role  of  Transverse  Air  Jets  in  the  Formation  of  Gas  Turbine  Emissions,"  D. 
Shouse,  C.  Frayne,  J.  Stutrud,  S.  Gogineni,  and  G.  J.  Sturgess,  Submitted  in  August 
1 996  to  the  Journal  of  Propulsion  and  Power. 

"Influence  of  Combustion  Air  Jets  on  Primary  Zone  Characteristics  for  Gas  Turbine 
Combustors,"  S.  P.  Gogineni,  D.  Shouse,  C.  Frayne,  J.  Stutrud,  and  G.  Sturgess, 
Submitted  in  August  1996  to  the  Journal  of  Propulsion  and  Power  (in  revision). 

"Recent  Progress  in  Pressure  Sensitive  Paint  Development  for  Turbomachinery,"  K. 
Sabroske,  Presented  at  the  Air  Force  Institute  of  Technoiogy,  26  August  1996,  Wright- 
Patterson  Air  Force  Base,  OH. 

"High  Free  Stream  Turbulence  Influence  on  Turbine  Fiim  Cooiing  Flows,"  S.  P. 
Gogineni,  R.  B.  Rivir,  D.  J.  Pestian,  and  L.  P.  Goss,  Phys.  Fluids.  8(9),  S4  (September 
1996) 

"Emissions  and  Operability  Trades  in  the  Primary  Zones  of  Gas  Turbine  Combustors," 
G.  Sturgess,  S.  Gogineni,  D.  Shouse,  C.  Frayne,  and  J.  Stutrud,  Submitted  in 
September  1996  to  AIAA  Journal  of  Propulsion  and  Power  (in  revision). 

"PIV  Technology  for  Simulated  Turbine  Film  Cooling  Rows,"  S.  Gogineni,  R.  Rivir,  L.  P. 
Goss,  and  D.  Pestian,  Presented  at  the  6th  International  Symposium  on  Flow  Modelling 
and  Turbulence  Measurements,  8-10  September  1996,  Tallahassee,  FL;  published  in 
Flow  Modeling  and  Turbuience  Measurements  VI  (C-J.  Chen,  C.  Shih,  J.  Lienau,  and  R. 
J.  Kung,  Eds.)  (Balkema,  Rotterdam,  1996),  pp.  193-200. 

"Possible  Combustor  Design  Trends  for  Future  Gas  Turbine  Engines,"  G.  J.  Sturgess, 
Invited  presentation  at  the  IHPTET  (Integrated  High  Performance  Turbine  Engine 
Technology)  Air  Force  Turbine  Engine  Technology  Symposium,  9-12  September  1996, 
Dayton,  OH. 

"Kinetics  of  the  Autoxidation  of  a  Jet-A  Fuel,"  J.  M.  Pickard  and  E.  G.  Jones,  Energy 
Fuels  10(5),  1074  (September/October  1996). 

"Numerical  Studies  on  Trapped  Vortex  Concepts  for  Stable  Combustion,"  V.  R.  Katta 
and  W.  M.  Roquemore,  Reviewed  paper.  Presented  at  the  ASME  Turbo  Asia  '96 
Congress  and  Exposition,  5-7  November  1996,  Jakarta,  Indonesia;  published  as  ASME 
Paper  No.  96-TA-1 9. 
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*  "Combustor  Design  Trends  for  Aircraft  Gas  Turbine  Engines,"  G.  J.  Sturgess,  Reviewed 
paper,  Presented  at  the  ASME  Turbo  Asia  '96  Congress  and  Exposition,  5-7  November 
1996,  Jakarta,  Indonesia;  published  as  ASME  Paper  No.  96-TA-29. 

"Development  of  Holographic  PIV  for  Flame  Studies,"  S.  Gogineni,  J.  Estevadeordal,  L. 
Goss,  and  H.  Meng,  Presented  at  the  49th  Annual  Meeting  of  the  American  Physical 
Society,  Division  of  Fluid  Dynamics,  24-26  November  1996,  Syracuse,  NY;  Bull.  APS 
41(9),  1833  (1996). 

"Global  Kinetic  Modeling  of  Aviation  Fuel  Fouling  in  Cooled  Regions  in  a  Flowing 
System,"  J.  S.  Ervin,  T.  F.  Williams,  and  V.  R.  Katta,  Ind.  Eng.  Chem.  Res.  35,  4028 
(November  1996). 

"3D  Visualization  of  Vortex-Ring  and  Bag-Shaped  Instabilities  Using  Holography,"  J. 
Estevadeordal,  S.  P.  Gogineni,  L.  P.  Goss,  H.  Meng,  and  W.  M.  Roquemore,  Poster 
presented  at  the  1 4th  Annual  Picture  Gallery  of  Fluid  Motion  in  conjunction  with  the 
49th  Annual  Meeting  of  the  American  Physical  Society,  Division  of  Fluid  Dynamics,  24- 
26  November  1996,  Syracuse,  NY.  Of  the  35  posters  presented,  this  was  one  of  six 
selected  to  receive  an  award. 

"Large  Eddy  Simulation  (LES)  of  Jet  in  Cross  Flow  and  Comparison  with  Experimental 
Results,"  B.  V.  Kiel  and  S.  Gogineni,  Presented  at  the  49th  Annual  Meeting  of  the 
American  Physical  Society,  Division  of  Fluid  Dynamics,  24-26  November  1996, 
Syracuse,  NY;  Bull.  APS  41(9),  1729  (1996). 

'Thermal  Stability  of  Jet-Fuel/Paraffin  Blends,"  L.  M.  Balster,  W.  J.  Balster,  and  E.  G. 
Jones,  Energy  Fuels  10(6),  1176  (November/December  1996). 

*  "Simulation  of  Local  Quenching  in  a  Methane-Air  Jet  Diffusion  Flame,"  V.  R.  Katta  and 
W.  M.  Roquemore,  Presented  at  the  1996  Technical  Meeting  of  the  Eastern  States 
Section  of  the  Combustion  Institute,  Chemical  and  Physical  Processes  in  Combustion, 
9-1 1  December  1 996,  Hilton  Head,  SC;  published  in  Chemical  and  Physical  Processes 
in  Combustion  (The  Combustion  Institute,  Pittsburgh,  PA,  1996),  pp.  381-384. 

"A  Further  Analysis  of  the  Stabilizing  Region  of  Methane  Jet  Diffusion  Flames,"  F. 
Takahashi  and  V.  R.  Katta,  Presented  at  the  1996  Technical  Meeting  of  the  Eastern 
States  Section  of  the  Combustion  Institute,  Chemical  and  Physical  Processes  in 
Combustion,  9-11  December  1996,  Hilton  Head,  SC;  published  in  Chemical  and 
Physical  Processes  in  Combustion  (The  Combustion  Institute,  Pittsburgh,  PA,  1 996), 
pp.  385-388. 
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"Characteristics  of  Simulated  Turbine  Film  Cooling  Flows,"  R.  B.  Rivir  and  S.  P. 
Gogineni,  Reviewed  paper;  Invited  presentation  to  the  International  Congress  on  Fluid 
Dynamics  and  Propulsion,  29-31  December  1996,  Cairo,  Egypt;  published  in 
Proceedings,  Vol.  1,  pp.  95-107. 

"A  Vortex-Flame  Interaction  Study  Using  Four-Wave  Mixing  Techniques,"  F.  Grische,  B. 
Attal-Tretout,  P.  Bouchardy,  V.  R.  Katta,  and  W.  M.  Roquemore,  J.  Nonlinear  Opt. 

Phys.  Mater.  5(3),  505  (1996). 

*  "Numerical  Modeling  of  Interactions  Between  Evaporating  Droplets,"  L.  P.  Chin, 
Presented  at  the  AIAA  35th  Aerospace  Sciences  Meeting  and  Exhibit,  6-10  January 
1997,  Reno,  NV,  and  published  as  AIAA  Paper  No.  97-0130. 

*  "Influences  of  Airblast-Atomizing  Fuel  Injector  Design  on  Primary  Zone  Characteristics 
at  Blowout,"  G.  J.  Sturgess,  S.  Gogineni,  and  D.  T.  Shouse,  Presented  at  the  AIAA  35th 
Aerospace  Sciences  Meeting  and  Exhibit,  6-10  January  1997,  Reno,  NV,  and  published 
as  AIAA  Paper  No.  97-0269. 

"Experimental  and  Numerical  Investigation  of  Transitional  Plane-Wall  Jet,"  S.  Gogineni, 
M.  Visbal,  and  C.  Shih,  Presented  at  the  AIAA  35th  Aerospace  Sciences  Meeting  and 
Exhibit,  6-10  January  1997,  Reno,  NV,  and  published  as  AIAA  Paper  No.  97-0071. 

*  "Entrainment  of  Mainstream  Flow  in  a  Trapped-Vortex  Combustor,"  G.  J.  Sturgess  and 
K.-Y.  Hsu,  Presented  at  the  AIAA  35th  Aerospace  Sciences  Meeting  and  Exhibit,  6-1 0 
January  1 997,  Reno,  NV,  and  published  as  AIAA  Paper  No.  97-0261 . 

"Flame-Vortex  Dynamics  in  an  Inverse  Partially  Premixed  Combustor:  The  Froude 
Number  Effects,"  Z.  Shu,  S.  K.  Agganwal,  V.  R.  Katta,  and  I.  K.  Puri,  Presented  at  the 
AiAA  35th  Aerospace  Sciences  Meeting  and  Exhibit,  6-10  January  1997,  Reno,  NV, 
and  published  as  AIAA  Paper  No.  97-0259. 

*  "Momentum  Coupling  Effects  in  a  Two-Phase  Swirling  Jet,"  T.  W.  Park,  S.  K.  Aggarwal, 
and  V.  R.  Katta,  Presented  at  the  AIAA  35th  Aerospace  Sciences  Meeting  and  Exhibit, 
6-1 0  January  1 997,  Reno,  NV,  and  published  as  AIAA  Paper  No.  97-01 28. 

*  "A  Numerical  Investigation  of  the  Stabilizing  Mechanism  of  Methane  Jet  Diffusion 
Flames,"  F.  Takahashi  and  V.  R.  Katta,  Presented  at  the  AIAA  35th  Aerospace 
Sciences  Meeting  and  Exhibit,  6-10  January  1997,  Reno,  NV,  and  published  as  AIAA 
Paper  No.  97-0251 . 

*  "Simulation  of  Dynamic  Methane  Jet  Diffusion  Flame  Using  Finite-Rate  Chemistry 
Model,"  V.  R.  Katta  and  W.  M.  Roquemore,  Presented  at  the  AIAA  35th  Aerospace 
Sciences  Meeting  and  Exhibit,  6-10  January  1997,  Reno,  NV,  and  published  as  AIAA 
Paper  No.  97-0904. 
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“Demodulating  Camera  System  for  Picosecond  Pump/Probe  Imaging,”  T.  Setterson,  C. 
Fisher,  N,  Middleton,  M.  Linne,  J.  Gord,  G.  Fiechtner,  and  P.  Paul,  Presented  at  the 
AIAA  35th  Aerospace  Sciences  Meeting  and  Exhibit,  6-10  January  1997,  Reno,  NV, 
and  published  as  AIAA  Paper  No.  97-0158. 

"Application  of  Photon-Correlation  Spectroscopy  and  Quartz-Crystal  Microbalance  to 
the  Study  of  Thermally  Stressed  Jet  Fuel,"  V.  Vilimpoc  and  B.  Sarka,  Ind.  Eng.  Chem. 
Res.  36(2),  451  (February  1997). 

"Pressure-Sensitive  Paint,"  K.  R.  Navarra,  Presented  at  the  Air  Force  Science  and 
Technology  High  Cycle  Fatigue  Program  Kick-Off,  24-25  February  1997,  Berkeley,  CA. 

*  "Dynamics  of  Propane  Jet  Diffusion  Flames,"  V.  R.  Katta,  L.  P.  Goss,  W.  M. 

Roquemore,  and  L.-D.  Chen,  Invited  chapter  in  Atlas  of  Visualization  III  (The 
Visualization  Society  of  Japan,  Ed.)  (CRC  Press,  New  York,  1997),  Chapter  12,  pp. 
181-198. 

"Additive  Testing  at  ISSI,"  E.  G.  Jones,  Presented  at  the  JP-8+100  Program  Review, 
18-19  March  1997,  Wright-Patterson  Air  Force  Base,  OH. 

"Future  Directions  in  Gas  Turbines  for  Civil  Aircraft  Propulsion,"  G.  J.  Sturgess,  Invited 
Keyote  address  delivered  at  the  NASA  Combustion  Dynamics  and  Control  Workshop, 
15-16  April  1997,  Cleveland,  OH. 

"Fluorescence  Lifetime  Measurements  and  Spectral  Analysis  of  Adamantyidiazirine,"  J. 
S.  Buterbaugh,  J.  P.  Toscano,  W.  L.  Weaver,  J.  R.  Gord,  C.  M.  Hadad,  T.  L.  Gustafson, 
and  M.  S.  Platz,  J.  Am.  Chem.  Soc.  119(15),  3580  (April  16, 1997). 

"A  Numerical  Analysis  of  a  Methane  Diffusion  Flame  Over  a  Flat  Plate,"  F.  Takahashi 
and  V.  R.  Katta,  Presented  at  the  Spring  Technical  Meeting  of  the  Central  States 
Section  of  the  Combustion  Institute,  27-29  April  1 997,  Point  Clear,  AL;  published  in 
Combustion  Fundamentals  and  Applications  (The  Combustion  Institute,  Pittsburgh,  PA, 
1997),  pp.  164-169. 

"NOx  Formation  in  a  Dynamic  Methane-Air  Jet  Diffusion  Flame,"  V.  R.  Katta  and  W.  M. 
Roquemore,  Presented  at  the  Spring  Technical  Meeting  of  the  Central  States  Section  of 
the  Combustion  Institute,  27-29  April  1 997,  Point  Clear,  AL;  published  in  Combustion 
Fundamentals  and  Applications  (The  Combustion  Institute,  Pittsburgh,  PA,  1997),  pp. 
390-394. 
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"A  Numerical  Investigation  of  the  Flame  Structure  of  an  Unsteady  Inverse  Partially 
Premixed  Flame,"  Z.  Shu,  S.  K.  Aggarwal,  V.  R.  Katta,  and  I.  K.  Puri,  Presented  at  the 
Spring  Technical  Meeting  of  the  Central  States  Section  of  the  Combustion  Institute,  27- 
29  April  1997,  Point  Clear,  AL;  published  in  Combustion  Fundamentals  and 
Applications  (The  Combustion  Institute,  Pittsburgh,  PA,  1 997),  pp.  68-73. 

*  "Flame  Structure  of  Stabilization  Region  in  a  Laminar  Hydrogen  Jet  Diffusion  Flame,"  F. 
R.  Schauer,  S.  M.  Green,  R.  P.  Lucht,  R.  D.  Hancock,  and  V.  R.  Katta,  Presented  at  the 
Spring  Technical  Meeting  of  the  Central  States  Section  of  the  Combustion  Institute,  27- 
29  April  1 997,  Point  Clear,  AL;  published  in  Combustion  Fundamentals  and 
Applications  (The  Combustion  Institute,  Pittsburgh,  PA,  1997),  pp.  170-175. 

"Structures  of  Laminar  Partially  Premixed  and  Diffusion  Flames  in  a  Co-Flow 
Configuration,"  Z.  Shu,  S.  K.  Aggarwal,  I.  K.  Puri,  and  V.  R.  Katta,  Presented  at  the 
Spring  Technical  Meeting  of  the  Central  States  Section  of  the  Combustion  Institute,  27- 
29  April  1 997,  Point  Clear,  AL 

"Development  of  Trapped-Vortex  Combustor,"  K.-Y.  Hsu  and  W.  M.  Roquemore,  Invited 
Graduate  Seminar,  University  of  Iowa,  Department  of  Mechanical  Engineering,  1  May 
1997,  Iowa  City,  Iowa. 

"Development  of  the  Pressure-Sensitive-Paint  Technique  for  Advanced 
Turbomachinery  Applications,"  K.  N.  Navarra,  M.  S.  Thesis,  Virginia  Polytechnic 
Institute  and  State  University,  9  May  1997,  Blacksburg,  VA. 

"Development  of  the  Pressure-Sensitive-Paint  Technique  for  Advanced 
Turbomachinery  Applications,"  K.  N.  Navarra,  Presented  at  the  Fifth  Pressure  Sensitive 
Paint  Workshop,  14-16  May  1997,  Arnold  Air  Force  Base,  TN. 

"Development  of  the  Pressure-Sensitive-Paint  Technique  for  Advanced 
Turbomachinery  Applications,"  K.  N.  Navarra,  Presented  at  the  23rd  Turbine  Test 
Facility  Working  Group  Meeting,  20  May  1 997,  Cincinnati,  OH. 

'Trends  in  Gas  Turbine  Engine  Design  with  Emphasis  on  Combustion,"  G.  J.  Sturgess, 
Invited  seminar  at  the  University  of  California-Davis,  29  May  1 997,  Sacramento,  CA. 

"Impact  of  Additives  on  the  Autoxidation  of  a  Thermally  Stable  Aviation  Fuel,"  E.  G. 
Jones  and  L.  M.  Balster,  Energy  Fuels  1 1  (3),  610  (May/June  1997). 

*  "Experimental  Study  of  Pure  and  Multicomponent  Fuel  Droplet  Evaporation  in  a  Heated 
Air  Flow,"  G.  Chen,  S.  K.  Aggarwal,  T.  A.  Jackson,  and  G.  L  Switzer,  Atomiz.  Sprays  7, 
317  (May-June  1997). 
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*  "Experimental  Investigation  of  the  Unsteady  Structure  of  a  Transitional  Plane  Wall  Jet," 
S.  P.  Gogineni  and  C.  Shih,  Exp.  Fluids  23, 121  (June  1997). 

"Effects  of  Temperature  on  Formation  of  Insolubles  in  Aviation  Fuels,"  W.  J,  Balster  and 
E.  G.  Jones,  Presented  at  the  42nd  ASME  Gas  Turbine  and  Aeroengine  Congress,  2-5 
June  1997,  Orlando,  FL;  published  as  ASME  Paper  No.  97-GT-218. 

"Investigation  of  Holographic  Visualization  and  Holographic  PIV  Techniques  for  Fluid 
Flows  and  Flames,"  J.  Estevadeordal,  H.  Meng,  S.  Gogineni,  L.  Goss,  D.  Trump,  and  B. 
Sarka,  Presented  at  the  ASME  Fluids  Engineering  Division  Summer  Meeting  on 
Experimental  and  Numerical  Flow  Visualization  and  Laser  Anemometry,  22-26  June 
1997,  Vancouver,  B.  C.,  Canada;  published  as  ASME  Paper  No.  FEDSM97-3093. 

"Digital  Two-Color  PIV  and  Flow-Visualization  Studies  for  Complex  Supersonic  Flows," 
S.  Gogineni,  L.  Goss,  D.  Glawe,  R.  Bowersox,  and  R.  Wier,  Presented  at  the  ASME 
Fluids  Engineering  Division  Summer  Meeting  on  Experimental  and  Numerical  Flow 
Visualization  and  Laser  Anemometry,  22-26  June  1997,  Vancouver,  B.C.,  Canada; 
published  as  ASME  Paper  No.  FEDSM97-3092. 

"A  Numerical  Study  of  a  Methane  Diffusion  Flame  Over  a  Flat  Surface,"  F.  Takahashi 
and  V.  R.  Katta,  Presented  at  the  Second  international  Symposium  on  Scale  Modeling 
(ISSM-II),  23-27  June  1997,  Lexington,  KY. 

"Hybrid  Modeling  for  Emissions  and  Stability,"  G.  J.  Sturgess,  Invited  seminar  at 
General  Electric  Corporate  R&D  Center,  25  June  1997,  Schenectady,  NY. 

*  "Assessment  of  an  Abbreviated  Jet-A/JP-5/JP-8  Reaction  Mechanism  for  Modeling  Gas 
Turbine  Engine  Gaseous  Emissions,"  G.  J.  Sturgess,  Presented  at  the  33rd  AIAA/ 
ASME/SAE/ASEE  Joint  Propulsion  Conference  and  Exhibit,  6-9  July  1 997,  Seattle,  WA, 
and  published  as  AIAA  Paper  No.  97-2709. 

*  "Numerical  Modeling  of  Interactive  Burning  Droplets,"  L.  P.  Chin,  Presented  at  the  33rd 
AIAA/ASME/SAE/ASEE  Joint  Propulsion  Conference  and  Exhibit,  6-9  July  1997, 
Seattle,  WA,  and  published  as  AIAA  Paper  No.  97-2703. 

*  "Emissions  Characteristics  of  Liquid  Hydrocarbons  in  a  Well  Stirred  Reactor,"  J.  W. 
Blust,  D.  R.  Ballal,  and  G.  J.  Sturgess,  Presented  at  the  33rd  AIAA/ASME/SAE/ASEE 
Joint  Propulsion  Conference  and  Exhibit,  6-9  July  1 997,  Seattle,  WA,  and  published  as 
AIAA  Paper  No.  97-2710. 

"Study  on  Trapped-Vortex  Combustor-Effect  of  Injection  on  Dynamics  of  Non-Reacting 
and  Reacting  Flows  in  a  Cavity,"  V.  R.  Katta  and  W.  M.  Roquemore,  Presented  at  the 
33rd  AIAA/ASME/SAE/ASEE  Joint  Propulsion  Conference  and  Exhibit,  6-9  July  1997, 
Seattle,  WA,  and  published  as  AIAA  Paper  No.  97-3256. 
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*  "Modeling  of  Deposition  Process  in  Liquid  Fuels,"  V.  R.  Katta,  E.  G.  Jones,  and  W.  M. 
Roquemore,  Presented  at  the  33rd  AIAA/ASME/SAE/ASEE  Joint  Propulsion 
Conference  and  Exhibit,  6-9  July  1 997,  Seattle,  WA,  and  published  as  AIAA  Paper  No. 
97-3040. 

“Picosecond  Pump/Probe  Measurement  of  Absolute  CH  Concentrations,”  M.  Linne,  T. 
Settersen,  J.  Gord,  and  G.  Fiechtner,  Poster  presented  at  the  1997  Gordon  Research 
Conference  on  the  Physics  and  Chemistry  of  Laser  Diagnostics  in  Combustion,  6-1 1 
July  1 997,  Plymouth,  NH. 

"Holographic  Flow  Visualization  as  a  Tool  for  Studying  3D  Coherent  Structures  and 
Instabilities,"  H.  Meng,  J.  Estevadeordal,  S.  Gogineni,  L.  Goss,  and  W.  M,  Roquemore, 
Presented  at  the  Second  International  Workshop  on  PIV  '97  -  Fukui,  8-1 1  July  1 997, 
Fukui,  Japan;  published  in  Proceedings  of  the  Second  International  Workshop  on  PIV 
’97  -  Fukui  (T.  Kobayashi  and  F.  Yamamoto,  Eds.)  (The  Visualization  Society  of  Japan, 
1997),  pp.  27-34;  selected  as  a  high-quality  paper  with  permanent  value  to  be 
published  in  Journal  of  Visualization. 

"3D  Flow  Visualization  of  Coherent  Structures,  Instabilities,  and  Vortex-Flame  Interac¬ 
tions  Using  Holography,"  J.  Estevadeordal,  H.  Meng,  S.  Gogineni,  and  L.  Goss, 
Presented  at  the  1997  JSME  Centennial  Grand  Congress,  13-16  July  1997,  Tokyo, 
Japan. 

"Continuing  Development  of  Luminescence  Techniques  for  Characterizing  Aviation 
Fuels,"  J.  R.  Gord,  M.  R.  Rabe,  K.  D.  Grinstead,  and  W.  L.  Weaver,  Presented  at  the 
39th  Annual  Rocky  Mountain  Conference  on  Analytical  Chemistry,  3-7  August  1 997, 
Denver,  CO. 

"Development  of  Sol-Gel-Derived  Pressure  Sensitive  Coatings  for  Lifetime-Based 
Imaging,"  J.  D.  Jordan,  F.  V.  Bright,  L.  P.  Goss,  W.  L.  Weaver,  K.  D.  Grinstead,  J.  R. 
Gord,  and  M.  R.  Gruber,  Presented  at  the  39th  Annual  Rocky  Mountain  Conference  on 
Analytical  Chemistry,  3-7  August  1 997,  Denver,  CO. 

"Aerodynamic  Pressure  and  Temperature  Measurement  Through  Fluorescence  Lifetime 
Imaging,"  K.  D.  Grinstead,  L.  P.  Goss,  D.  D.  Trump,  and  J.  R.  Gord,  Presented  at  the 
39th  Annual  Rocky  Mountain  Conference  on  Analytical  Chemistry,  3-7  August  1 997, 
Denver,  CO. 


1209 


*  "Active  Combustion  Controi  for  Propulsion  Systems,"  K.  Schadow,  V.  Yang,  F.  Culick, 

T.  Rosfjord,  G.  Sturgess,  and  B.  Zinn,  AGARD  Report  No.  AGARD-R-820  (Advisory 
Group  for  Aerospace  R&D,  Neuilly-sur-Seine,  France,  September  1 997)  (report 
prepared  at  the  request  of  the  Propulsion  and  Energetics  Panel  of  AGARD  on  papers 
presented  at  the  AGARD  Workshop  on  Active  Combustion  Control  for  Propulsion 
Systems/PEP  87th  Symposium  on  Service  Life  of  Solid  Propellant  Systems,  6-9  May 
1996,  Athens,  Greece). 

"3D  Visualization  of  Vortex-Ring  and  Bag-Shaped  Instabilities  Using  Holography,"  J. 
Estevadeordal,  S.  P.  Gogineni,  L.  P.  Goss,  H.  Meng,  and  W.  M.  Roquemore,  Phys. 
Fluids  9(9),  S5  (September  1997). 

*  "Investigation  of  Jet  Diffusion  Flames  Using  Holographic  Flow  Visualization  (HFV)  and 
Holographic  PIV  (HPIV)  Techniques,"  S.  Gogineni,  J.  Estevadeordal,  H.  Meng,  and  L. 
Goss,  Presented  at  the  7th  International  Conference  on  Laser  Anemometry  Advances 
and  Applications,  8-11  September  1997,  Karlsruhe,  Germany;  published  in  Laser 
Anemometry  Advances  and  Applications  (B.  Ruck,  A.  Leder,  and  D.  Dopheide,  Eds.) 
(German  Association  for  Laser  Anemometry,  1997),  pp.  203-210. 

"Direct  Numerical  Simulation  of  Unsteady  Non-Reacting  Flows  in  a  Trapped-Vortex 
Combustor,"  V.  R.  Katta  and  W.  M.  Roquemore,  Presented  at  the  7th  International 
Symposium  on  Computational  Fluid  Dynamics,  15-19  September  1997,  Beijing,  China; 
published  in  Proceedings  of  the  Seventh  International  Symposium  on  Computational 
Fluid  Dynamics  (F.  G.  Zhuang,  Ed.)  (International  Academic  Publishers,  Beijing,  China, 
1997),  pp.  791-796. 

"Loading  Analysis  of  Wrap-Around  Fin  Missiles  Using  Pressure-Sensitive  Paint,"  T. 
McIntyre,  L.  P.  Goss,  D.  D.  Trump,  and  R.  D.  W.  Bowersox,  Presented  at  the  17th 
International  Congress  on  Instrumentation  in  Aerospace  Simulation  Facilities  (ICIASF), 
Naval  Post  Graduate  School,  29  September  -  2  October  1997,  Monterey,  CA. 

"Split-Film  Anemometry  and  CFD  Study  of  a  Jet  in  Cross-Flow,"  B.  V.  Kiel,  Master's 
thesis  submitted  in  October  1997  to  Colorado  State  University,  Ft.  Collins,  CO. 

*  "Evaluation  of  the  Effectiveness  of  a  Metal  Deactivator  and  Other  Additives  in  Reducing 
Insolubles  in  Aviation  Fuels,"  E.  G.  Jones,  W.  J.  Balster,  and  L.  M.  Balster,  Trans. 
ASME,  J.  Eng.  Gas  Turb.  Power  1 1 9,  830  (October  1 997). 

"Impact  of  Fuel  Recirculation  on  Thermal  Stability,"  E.  G.  Jones,  W.  J.  Balster,  and  L. 

M.  Balster,  Presented  at  the  6th  International  Conference  on  Stability  and  Handling  of 
Liquid  Fuels,  13-17  October  1997,  Vancouver,  B.C.,  Canada;  published  in  Proceedings 
of  the  6th  International  Conference  on  Stability  and  Handling  of  Liquid  Fuels,  Vol.  1  (H. 

N.  Giles,  Ed.)  (U.  S.  Department  of  Energy,  Washington,  D.  C.,  1998),  pp.  201-210. 
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"Liquid-Phase  Oxidation  Kinetics  for  a  Paraffin  Blend,"  J.  M.  Pickard  and  E.  G.  Jones, 
Poster  presented  at  the  6th  International  Conference  on  Stability  and  Handling  of  Liquid 
Fuels,  13-17  October  1997,  Vancouver,  B.C.,  Canada;  published  in  Proceedings  of  the 
6th  International  Conference  on  Stability  and  Handling  of  Liquid  Fuels,  Vol.  2  (H.  N. 
Giles,  Ed.)  (U.  S.  Department  of  Energy,  Washington,  D.  C.,  1998),  pp.  975-983. 

"The  Measurement  of  Antioxidant  Performance  in  Aviation  Turbine  Fuel  Using  the 
Quartz  Crystal  Microbalance  and  Near  Isothermal  Flowing  Test  Rig,"  S.  Zabarnick,  M. 

S.  Mick,  E.  G.  Jones,  L.  M.  Balster,  and  S.  D.  Anderson,  Poster  presented  at  the  6th 
International  Conference  on  Stability  and  Handling  of  Liquid  Fuels,  13-17  October  1997, 
Vancouver,  B.C.,  Canada;  abstract  published  in  Proceedings  of  the  6th  International 
Conference  on  Stability  and  Handling  of  Liquid  Fuels,  Vol.  2  (H.  N.  Giles,  Ed.)  (U.  S. 
Department  of  Energy,  Washington,  D.  C.,  1998),  p.  989. 

"Overview  of  ACC  R&D  in  Aeroengine  Gas  Turbines,"  G.  J.  Sturgess,  Invited 
presentation  at  the  Second  AGARD  Workshop  on  Active  Combustion  Control  for 
Propulsion  Systems,  16-18  October  1997,  Von  Karman  Institute,  Brussels,  Belgium. 

"Phase-Resolved  PIV  and  DNS  Investigation  of  a  Translational  Plane  Wall  Jet,"  S. 
Gogineni,  Invited  Seminar  at  the  Aerodynamics  Institute,  20  October  1997,  Aachen, 
Germany. 

•  "The  Unsteady  Structure  of  Simulated  Turbine  Film  Cooling  Flows  from  PIV,"  R.  Rivir, 
S.  Gogineni,  L.  Goss,  and  D.  J.  Pestian,  Paper  No.  47  presented  at  the  AGARD 
Propulsion  and  Energetics  Panel  Symposium  on  Advanced  Non-Intrusive 
Instrumentation  for  Propulsion  Engines,  20-24  October  1997,  Brussels,  Belgium; 
published  in  AGARD-CP-598  (AGARD,  Neuilly-sur-Seine,  France,  May  1998),  pp. 

47-1  -47-13. 


*  "Optical  Measurements  of  Surface  Pressure  and  Temperature  in  Turbomachinery,"  K. 
Navarra,  L.  Goss,  J.  Jordan,  D.  Rabe,  J.  Gord,  and  D.  Car,  Paper  No.  1 8  presented  at 
the  AGARD  Propulsion  and  Energetics  Panel  Symposium  on  Advanced  Non-Intrusive 
Instrumentation  for  Propulsion  Engines,  20-24  October  1997,  Brussels;  published  in 
AGARD-CP-598  (AGARD,  Neuilly-sur-Seine,  France,  May  1998),  pp.  18-1  - 18-13. 

"Aviation  Fuel  Recirculation  and  Surface  Fouling,"  E.  G.  Jones,  W.  J.  Balster,  and  L.  M. 
Balster,  Energy  Fuels  1 1(6),  1303-1308  (November/December  1997). 

"Catalysis  of  Jet-A  Fuel  Autoxidation  by  FeaOa,"  J.  M.  Pickard  and  E.  G.  Jones,  Energy 
Fuels  1 1  (6),  1 232-1 236  (November/December  1 997). 

"Optical  Diagnostics  Development:  Getting  to  Know  Your  Flow,"  W.  L.  Weaver,  Invited 
presentation  to  the  Chemistry  Department,  Wittenberg  University,  4  November  1 997, 
Springfield,  OH. 
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"Investigation  of  Fluid  Flows  Using  Two-Color  Digital  Particle  Image  Velocimetry  (DPIV) 
and  Holographic  (3D)  Flow-Visualization  (HFV)  Techniques,"  S.  P.  Gogineni,  Invited 
seminar  to  the  Iowa  Institute  of  Hydraulic  Research,  University  of  Iowa,  7  November 
1 997,  Iowa  City,  lA. 

"Why  Active  Combustion  Control?"  G.  J.  Sturgess,  Invited  presentation  at  the  JANNAF 
Combustion  Subcommittee  Technology  Awareness  Seminar  on  Active  Combustion 
Control  (ACC)  in  Propulsion  Systems,  12  November  1997,  Cleveland,  OH. 

"Numerical  Study  of  Two-Phase  Flow  Field  in  a  Simplified  Swirl  Cup  Combustor,"  T.  W. 
Park,  V.  R.  Katta,  W.  M.  Roquemore,  and  S.  K.  Aggarwal,  Presented  at  the  1997  ASME 
International  Mechanical  Engineering  Congress  and  Exposition  (IMEC&E),  Symposium 
on  Dispersed  Flows  in  Combustion,  Incineration,  and  Propulsion  Systems,  16-21 
November  1 997,  Dallas,  TX;  published  in  Proceedings  ASME  Fluids  Engineering 
Division  ASME  1997,  FED-Vol.  244,  pp.  215-223. 

“Flame-Vortex  Interactions  in  a  Forced  Counterflow  Burner,”  I.  Vihinen,  J.  R.  Gord,  J.  M. 
Donbar,  R.  D.  Hancock,  W.  M.  Roquemore,  G.  J.  Fiechtner,  C.  D,  Carter,  K.  D. 
Grinstead,  V.  R.  Katta,  and  J.  C.  Rolon,  Poster  presented  at  the  ASME  Heat  Transfer 
Gallery  Competition  in  conjunction  with  the  1997  ASME  International  Mechanical 
Engineering  Congress  and  Exposition  (IMEC&E),  Symposium  on  Dispersed  Flows  in 
Combustion,  Incineration,  and  Propulsion  Systems,  16-21  November  1997,  Dallas,  TX. 
Of  the  30-40  entrants,  this  poster  was  one  of  eight  to  be  selected  for  an  award  and 
publication  in  ASME  Journal  of  Heat  Transfer. 

"Phase-Resolved  DPIV  Investigation  of  Vortex-Flame  Interactions  in  Hydrogen  Jet 
Diffusion  Flames,"  S.  Gogineni,  R.  Hancock,  F.  Schauer,  and  R.  Lucht,  Presented  at 
the  50th  Annual  Meeting  of  the  American  Physical  Society,  Division  of  Fluid  Dynamics, 
23-25  November  1 997,  San  Francisco,  CA. 

"Visualization  of  Non-Circular,  Coaxial  Nozzle  Flow  Structure,"  J.  W.  Bitting,  D.  E. 
Nikitopouios,  S.  P.  Gogineni,  and  E.  J.  Gutmark,  Presented  at  the  50th  Annual  Meeting 
of  the  American  Physical  Society,  Division  of  Fluid  Dynamics,  23-25  November  1 997, 
San  Francisco,  CA. 

"Flow  Structure  of  Coaxial  Jets,"  J.  Bitting,  D.  Nikitopouios,  S.  Gogineni,  and  M. 
Roquemore,  Poster  presented  at  the  50th  Annual  Meeting  of  the  American  Physical 
Society,  Division  of  Fluid  Dynamics,  23-25  November  1 997,  San  Francisco,  CA. 

“Flame-Vortex  Interactions  in  a  Forced  Counterflow  Burner,”  I.  Vihinen,  J.  R.  Gord,  J.  M. 
Donbar,  R.  D.  Hancock,  W.  M.  Roquemore,  G.  J.  Fiechtner,  C.  D.  Carter,  K.  D. 
Grinstead,  V.  R.  Katta,  and  J.  C.  Rolon,  Poster  presented  at  the  50th  Annual  Meeting  of 
the  American  Physical  Society,  Division  of  Fluid  Dynamics,  23-25  November  1 997,  San 
Francisco,  CA. 
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"A  Numerical  Investigation  of  the  Flame  Structure  of  an  Unsteady  Inverse  Partially 
Premixed  Flame,"  Z.  Shu,  S.  K.  Aggarwal,  V.  R.  Katta,  and  I.  K.  Puri,  Combust.  Flame 
111,  296  (December  1997). 

“Flame-Vortex  Dynamics  in  an  Inverse  Partially  Premixed  Combustor:  The  Froude 
Number  Effects,”  Z.  Shu,  S.  K.  Aggarwal,  V.  R.  Katta,  and  I.  K.  Puri,  Combust.  Flame 
111,  276  (December  1997). 
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Boston,  MA,  and  published  in  Prepr.  Symp.-ACS,  Div.  Pet.  Chem.  43(3),  390  (July 
1998). 

*  “Spectroscopic  Investigations  of  High-Temperature,  High-Pressure  Model  Aviation 
Fuels,”  C.  E.  Bunker  J.  R.  Gord,  and  K.  D.  Grinstead,  Presented  at  the  216th  National 
Meeting  of  the  American  Chemical  Society,  23-27  August  1998,  Boston,  MA,  and 
published  in  Prepr.  Symp.-ACS,  Div.  Pet.  Chem.  43(3),  467  (July  1 998). 

“Autoxidation  of  Neat  and  Blended  Aviation  Fuels,”  E.  G.  Jones,  L.  M.  Balster,  and  W. 

J.  Balster,  Energy  Fuels  12(5),  990  (September/October  1998). 

“Visualization  of  Vortex-Flame  Interactions  in  a  Counterflow  Diffusion  Flame,”  I.  Vihinen, 
J.  R.  Gord,  J.  M.  Donbar,  G.  J  Fiechtner,  C.  D.  Carter,  and  J.  C.  Rolon,  Presented  at 
the  8th  International  Symposium  on  Flow  Visualization,  1-4  September  1998,  Sorrento, ' 
Italy,  and  published  in  Proceedings  (available  on  CD-ROM). 
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“High-Frequency  Pressure-Sensitive  Paints,”  J.  D.  Jordan,  A.  N.  Watkins,  D.  D.  Trump, 
B.  Sarka,  W.  L.  Weaver,  L.  P.  Goss,  K.  R.  Navarra,  and  W.  A.  Stange,  Invited 
presentation  at  the  1998  Turbine  Engine  Technology  Symposium,  14-17  September 
1998,  Dayton,  OH. 

“Dynamic  Behavior  of  Injection  Scheme  for  Combustor  Line  Jets,”  B.  Kiel  and  S. 
Gogineni,  Presented  at  the  1998  Turbine  Engine  Technology  Symposium,  14-17 
September  1998,  Dayton,  OH. 

“Ultrastable  Blue-LED  Illumination  Sources  for  PSP  Appiications,”  J.  D.  Jordan,  A.  N. 
Watkins,  D.  D.  Trump,  W.  L.  Weaver,  L.  P.  Goss,  G.  A.  Dale,  and  G.  Clinehens,  Invited 
presentation  at  the  HCF  Instrumentation  Action  Team  Meeting,  18  September  1998, 
Dayton,  OH. 

"Two-Color  Digital  PIV  Employing  a  Single  CCD  Camera,"  S.  Gogineni,  L.  Goss,  D. 
Pestian,  and  R.  Rivir,  Exp.  Fluids  25(4),  320  (October  1998). 

“Visualization  and  Two-Color  Measurements  of  Flows  in  Circular  and  Square  Coaxial 
Nozzles,”  D.  Nikitopoulos,  J.  Bitting,  E.  Gutmark,  and  S.  P.  Gogineni,  Submitted  in 
October  1998  to  Experiments  in  Fluids. 

“PSP  Data  Analysis:  From  Calibration  to  Visualization,”  W.  L.  Weaver,  J.  D.  Jordan,  G. 

A.  Dale,  and  K.  R.  Navarra,  Presented  at  the  1998  PSP  Workshop,  2-9  October  1998, 
Seattle,  WA. 

“Sol-Gel-Based  Coatings:  A  Universal  PSP  Platform,”  J.  D.  Jordan,  A.  N.  Watkins,  W. 

L.  Weaver,  D.  D.  Trump.  L.  P.  Goss,  J.  H.  Bell,  G.  A.  Dale,  and  K.  R.  Navarra, 

Presented  at  the  1998  PSP  Workshop,  2-9  October  1998,  Seattle,  WA. 

“Picosecond  Laser-Based  Combustion  Diagnostics,”  M.  Linne,  T.  Settersten,  C.  Fisher, 
N.  Middleton,  and  G.  Fiechtner,  Invited  paper  presented  at  the  1 998  Federation  of 
Analytical  Chemistry  and  Spectroscopy  Societies  (FACSS)  Meeting,  11-16  October 
1998,  Austin,  TX. 

“A  Modelocked  Ti:Sapphire  Based  Asynchronous  Optical  Sampler  for  Ultrafast  Pump- 
Probe  Experiments,”  J.  R.  Gord,  K.  D.  Grinstead,  Jr.,  G.  J.  Fiechtner,  and  C.  E.  Bunker, 
Presented  at  the  1 998  Federation  of  Analytical  Chemistry  and  Spectroscopy  Societies 
(FACSS)  Meeting,  11-16  October  1 998,  Austin,  TX. 

“Ultrafast  Laser  Studies  of  Chemical  Dynamics  in  Supercritical  Fluids,”  C.  E.  Bunker,  K. 
D.  Grinstead,  Jr.,  and  J.  R.  Gord,  Presented  at  the  1998  Federation  of  Analytical 
Chemistry  and  Spectroscopy  Societies  (FACSS)  Meeting,  11-16  October  1998,  Austin,  - 
TX. 
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“Combustion  Characteristics  of  a  Trapped  Vortex  Combustor,”  G.  J.  Sturgess  and  K-Y. 
Hsu,  Paper  No.  44,  Presented  at  the  Applied  Vehicle  Technology  Panel  Symposium  on 
Gas  Turbine  Engine  Combustion,  Emissions,  and  Alternative  Fuels,  12-16  October 
1998,  Lisbon,  Portugal,  and  published  in  Gas  Turbine  Engine  Combustion  Emissions 
and  Alternative  Fuels,  NATO  Research  and  Technology  Organization  (RTO)  Meeting 
Proceedings  14  (North  Atlantic  Treaty  Organization,  Neuilly-sur-Seine,  France,  June 
1999),  pp.  44-1  -44-13. 

“Optical  Diagnostics  Applied  to  a  Jet  Diffusion  Flame,”  F.  Grisch,  B.  Attal-Tretout,  P. 
Bouchardy,  V.  R.  Katta,  and  W.  M  Roquemore,  Paper  No.  1 7,  Presented  at  the  Applied 
Vehicle  Technology  Panel  Symposium  on  Gas  Turbine  Engine  Combustion,  Emissions, 
and  Alternative  Fuels,  12-16  October  1998,  Lisbon,  Portugal,  and  published  in  Gas 
Turbine  Engine  Combustion  Emissions  and  Alternative  Fuels,  NATO  Research  and 
Technology  Organization  (RTO)  Meeting  Proceedings  14  (North  Atlantic  Treaty 
Organization,  Neuilly-sur-Seine,  France,  June  1999),  pp.  17-1  - 17-9. 

*  “Dynamic  Interactions  of  a  Flame  and  an  Isolated  Vortex,”  G.  J.  Fiechtner,  C.  D.  Carter, 
K.  D.  Grinstead,  Jr.,  J.  R.  Gord,  J.  M.  Donbar,  and  J.  C.  Rolon,  Presented  at  the  Fall 
Technical  Meeting  of  the  Western  States  Section  of  the  Combustion  Institute,  26-27 
October  1998,  Seattle,  WA,  and  published  as  Paper  No.  98-F10. 

*  “Simulation  of  Dynamic  Methane  Jet  Diffusion  Flames  Using  Finite  Rate  Chemistry 
Models,”  V.  R.  Katta  and  W.  M.  Roquemore,  AIAA  J.  36(11),  2044  (November  1998). 

“Understanding  Dynamic  Flames  Using  Numerical  and  Experimental  Techniques,”  V.  R. 
Katta,  Invited  seminar  to  be  given  at  Yale  University,  1 1  November  1998,  New  Haven, 
CT. 

“A  Study  of  Square  and  Circular  Coaxial  Jet  Flows,”  D.  E.  Nikitopoulos,  J.  W.  Bitting,  E. 
J.  Gutmark,  and  S.  Gogineni,  Presented  at  the  51st  Annual  Meeting  of  the  American 
Physical  Society,  Division  of  Fluid  Dynamics,  22-24  November  1 998,  Philadelphia,  PA. 

“3D  DNS  and  PIV  Investigation  of  Forced  Transitional  Plane  Wall  Jet,”  M.  Visbal,  D. 
Gaitonde,  and  S  Gogineni,  Presented  at  the  51st  Annual  Meeting  of  the  American 
Physical  Society,  Division  of  Fluid  Dynamics,  22-24  November  1 998,  Philadelphia,  PA. 

“Double-Helix  Instability  in  a  Forced  Wall  Jet,”  M.  Visbal,  D.  Gaitonde,  and  S.  Gogineni, 
Poster  presented  at  the  1 6th  Annual  Picture  Gallery  of  Fluid  Motion  held  in  conjunction 
with  the  51  st  Annual  Meeting  of  the  American  Physical  Society,  Division  of  Fluid 
Dynamics,  22-24  November  1 998,  Philadelphia,  PA.  Of  the  37  posters  presented,  this 
was  one  of  five  selected  to  receive  an  award  and  be  published  in  the  September  1 999 
issue  of  Physics  of  Fluids.  The  poster  was  displayed  at  the  APS  1 999  Centennial 
Meeting,  which  will  be  held  20-26  March  1999  in  Atlanta,  GA. 
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“Liquid-Phase  Oxidation  Kinetics:  Paraffin  Blends.”  J.  M.  Pickard  and  E.  G.  Jones, 
Energy  Fuels  12(6),  1241  (November/December  1998). 

“Effects  of  Mach  Number  on  Supersonic  Wrap  Around  Fin  Aerodynamics,”  T.  C 
McIntyre.  R.  D.  W.  Bowersox,  and  L.  P.  Goss,  J.  Spacecr.  Rockets  35(6),  742 
(November-December  1998). 

“Modeling  of  Deposition  Process  in  Liquid  Fueis,”  V.  R.  Katta,  E.  G.  Jones,  and  W.  M. 
Roquemore,  Combust.  Sci.  Technol.  139,  75  (November/December  1998). 

“Role  of  Flow  Visualization  in  the  Development  of  UNICORN,”  W.  M.  Roquemore  and 

V.  R.  Katta,  Keynote  lecture  given  at  the  International  Conference  on  Optical 
Technology  and  Image  Processing  in  Fluid,  Thermal,  and  Combustion  Flow,  6-10 
December  1998,  Yokohama,  Japan,  and  published  as  Paper  No.  KL310. 

“Experimental  and  Computational  Visualization  of  Vortex-Flame  Interactions  in  an 
Opposed-Jet  Burner,”  J.  R.  Gord,  J.  M.  Donbar,  G.  J.  Fiechtner,  C.  D.  Carter,  V.  R. 
Katta,  and  J.  C.  Rolon,  Paper  No.  AB082  presented  at  the  International  Conference  on 
Optical  Technology  and  Image  Processing  in  Fluid,  Thermal,  and  Combustion  Flow,  6- 
10  December  1998,  Yokohama,  Japan. 

“Experimental  Investigation  of  Supersonic  Wrap-Around  Fin  Aerodynamic  Mach 
Number  Effects,”  T.  C.  McIntyre,  R.  D.  W.  Bowersox,  and  L.  P.  Goss,  Presented  at  the 
AIAA  37th  Aerospace  Sciences  Meeting  and  Exhibit,  11-14  January  1999,  Reno,  NV, 
and  published  as  AIAA  Paper  No.  99-0991. 

“Characteristics  of  Combustion  Instability  Associated  with  Trapped-Vortex  Burner,”  K.- 
Y.  Hsu,  C.  D.  Carter,  V.  R.  Katta,  and  W.  M.  Roquemore,  Presented  at  the  AIAA  37th 
Aerospace  Sciences  Meeting  and  Exhibit,  11-14  January  1999,  Reno,  NV,  and 
published  as  AIAA  Paper  No.  99-0488. 

“Sol-Gel-Based  Pressure-Sensitive  Paint  Development,”  J.  D.  Jordan,  A.  N.  Watkins, 

W.  L.  Weaver,  G.  A.  Dale,  and  K.  R.  Navarra,  Presented  at  the  AIAA  37th  Aerospace 
Sciences  Meeting  and  Exhibit,  11-14  January  1 999,  Reno,  NV,  and  published  as  AIAA 
Paper  No.  99-0566. 

“Phase  Sensitive  Imaging  in  Flows,”  C  W.  Fisher,  M  A.  Linne,  N.  T.  Middleton,  G. 
Fiechtner,  and  J.  R.  Gord,  Presented  at  the  AIAA  37th  Aerospace  Sciences  Meeting 
and  Exhibit,  11-14  January  1999,  Reno,  NV,  and  published  as  AIAA  Paper  No.  99- 
0771. 
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“Data  Analysis  Methods  for  the  Development  and  Deployment  of  Pressure-Sensitive 
Paints,”  W.  L.  Weaver  J.  D,  Jordan,  G,  A.  Dale,  and  K.  R.  Navarra,  Presented  at  the 
AIAA  37th  Aerospace  Sciences  Meeting  and  Exhibit,  11-14  January  1999,  Reno,  NV, 
and  pubiished  as  AIAA  Paper  No.  99-0565. 

*  “Regimes  of  interaction  between  a  Nonpremixed  Hydrogen-Air  Flame  and  an  Isolated 
Vortex,”  G.  J.  Flechtner,  C.  D.  Carter,  V.  R.  Katta,  J  R.  Gord,  J.  M.  Donbar,  and  J.  C. 
Rolon,  Presented  at  the  AIAA  37th  Aerospace  Sciences  Meeting  and  Exhibit,  11-14 
January  1999,  Reno,  NV,  and  published  as  AIAA  Paper  No.  99-0320. 

“Numerical  Modeling  of  Droplets  in  a  Composite  Grid  System,”  L.  P.  Chin,  Presented  at 
the  AIAA  37th  Aerospace  Sciences  Meeting  and  Exhibit,  11-14  January  1999,  Reno, 
NV,  and  published  as  AIAA  Paper  No.  99-0212. 

“Investigation  of  Complex  Fluid  Flows  Using  PIV  and  HFV  Techniques,”  S.  P.  Gogineni, 
Invited  seminar  at  the  Department  of  Mechanical  Engineering,  Louisiana  State 
University,  12  February  1 999,  Baton  Rouge,  LA. 

“Asynchronous  Optical  Sampling  for  Ultrafast  Pump-Probe  Studies,”  K.  D.  Grinstead, 
Jr.,  G.  J.  Fiechtner,  J.  R.  Gord,  and  C.  E.  Bunker,  Paper  No.  483  presented  at  the 
Pittsburgh  Conference  on  Analytical  Chemistry,  7-12  March  1999,  Orlando,  FL. 

“Spectroscopic  Characterization  of  High-Temperature  Aviation  Fuels,”  J.  R.  Gord,  C.  E. 
Bunker,  and  K.  D.  Grinstead,  Jr.,  Paper  No.  1074  presented  at  the  Pittsburgh 
Conference  on  Analytical  Chemistry,  7-12  March  1999,  Orlando,  FL. 

“Laser-Based  Visualization  of  Vortex-Flame  Interactions,”  K.  D.  Grinstead,  Jr.,  G.  J. 
Fiechtner,  C.  D.  Carter,  J.  R.  Gord,  P.  H.  Renard,  and  J.  C.  Rolon,  Paper  No.  1076 
presented  at  the  Pittsburgh  Conference  on  Analytical  Chemistry,  7-12  March  1999, 
Orlando,  FL. 

“Determination  of  Water  in  Aviation  Fuel,”  D.  E.  Hirt,  J.  R.  Gord,  C.  E.  Bunker,  and  K.  D. 
Grinstead,  Jr.,  Paper  No.  1529  presented  at  the  Pittsburgh  Conference  on  Analytical 
Chemistry,  7-12  March  1999,  Orlando,  FL. 

“An  Overview  of  PIV  and  HPIV,”  S.  P.  Gogineni,  Invited  seminar  at  the  University  of 
Central  Florida,  10  March  1999,  Orlando,  FL. 

“Numerical  Modeling  of  Droplet-Flame  Interaction,”  L.  P.  Chin  and  V.  R.  Katta, 
Presented  at  the  First  Joint  Technical  Meeting  of  the  U.  S.  Sections  of  the  Combustion 
Institute,  Chemical  and  Physical  Processes  in  Combustion,  1 4-1 7  March  1 999, 
Washington,  DC. 
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“Experimental  Studies  of  Vortex-Flame  Interactions  in  an  Opposed-Jet  Burner,”  G.  J. 
Fiechtner,  P.-H.  Renard,  C.  D.  Carter,  J.  R.  Gord,  J.  M.  Donbar,  and  J.  C.  Rolon, 
Presented  at  the  First  Joint  Technical  Meeting  of  the  U.  S.  Sections  of  the  Combustion 
Institute,  Chemical  and  Physical  Processes  in  Combustion,  14-17  March  1999, 
Washington,  DC. 

“In-House  Research  and  Development  of  a  Pulse  Detonation  Engine,”  R.  A.  Anthenien, 
F.  R.  Schauer,  J.  S.  Stutrud,  C.  W.  Frayne,  R.  P.  Bradley,  L  P.  Chin,  and  V.  R.  Katta, 
Presented  at  the  First  Joint  Technical  Meeting  of  the  U.  S.  Sections  of  the  Combustion 
Institute,  Chemical  and  Physical  Processes  in  Combustion,  14-17  March  1999, 
Washington,  DC. 

*  “A  Role  of  Chemical  Kinetics  in  the  Simulation  of  the  Reaction  Kernel  of  Methane  Jet 
Diffusion  Flames,”  F.  Takahashi  and  V.  R.  Katta,  Presented  at  the  5th  ASME/JSME 
Joint  Thermal  Engineering  Conference,  1 5-1 9  March  1 999,  San  Diego,  CA,  and 
published  as  Paper  No.  AJTE99-61 90. 

*  “Fuel  Effects  on  Lean  Blowout  and  Emissions  from  a  Well-Stirred  Reactor,”  J.  W.  Blust, 
D.  R.  Ballal,  and  G.  J  Sturgess,  J.  Propul.  Power  15(2),  216  (March-April  1999). 

“Ultrafast  Imaging  of  a  Gas  Turbine  Spark  Igniter,”  K.  D.  Grinstead,  Jr.,  G.  J.  Fiechtner, 
J.  R.  Gord,  C.  Tyler,  M.  Cochran,  and  J.  R.  Frus,  Presented  at  the  24"^  Dayton- 
Cincinnati  Aerospace  Science  Symposium,  9  April  1999,  Dayton,  OH. 

“Continuing  Studies  of  Vortex-Flame  Interactions,”  J.  R.  Gord,  G.  J.  Fiechtner,  K.  D. 
Grinstead,  Jr.,  C.  D.  Carter,  P.  H.  Renard,  and  J.  C.  Rolon,  Presented  at  the  24"’ 
Dayton-Cincinnati  Aerospace  Science  Symposium,  9  April  1999,  Dayton,  OH. 

Received  award  for  Best  Paper  in  Session  on  Vortex  Flows. 

“A  Facility  for  Basic  Research  Studies  of  Fire-Suppression  Dynamics,”  J.  R.  Gord,  G.  J. 
Fiechtner,  and  K.  D.  Grinstead,  Jr.,  Presented  at  the  24*”  Da^on-Cincinnati  Aerospace 
Science  Symposium,  9  April  1999,  Dayton,  OH. 

“Quantitative  Measurements  of  CO  Concentrations  in  Laminar  and  Turbulent  Flames 
Using  Two-Photon  Laser-Induced  Fluorescence,”  G.  J.  Fiechtner,  C.  D.  Carter,  and  R. 
S.  Barlow,  Presented  at  the  24"’  Dayton-Cincinnati  Aerospace  Science  Symposium,  9 
April  1999,  Dayton,  OH. 

“Development  of  an  Advanced  Imaging  System,”  G.  J.  Fiechtner,  J.  R.  Gord,  C.  W. 
Fisher,  M.  A.  Linne,  and  N.  T.  Middleton,  Presented  at  the  24*”  Dayton-Cincinnati 
Aerospace  Science  Symposium,  9  April  1 999,  Dayton,  OH.  Received  award  for  Best 
Paper  in  Instrumentation  Session. 
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“Vortex  Branching  and  Spanwise  Instabilities  in  a  Forced  Walljet,”  M.  R.  Visbc 
Gaitonde,  and  S.  P.  Gogineni,  Presented  at  the  24“*  Dayton-Cincinnati  Aerosp 
Science  Symposium,  9  April  1999,  Dayton,  OH. 

“LIF  Nitric  Oxide  Measurements  in  Driven  Jet  Diffusion  Flames,”  R.  Hancock,  F. 
Schauer,  R.  P.  Lucht,  T.  R.  Meyer,  and  V.  R.  Katta,  Presented  at  the  24'^  Dayton- 
Cincinnati  Aerospace  Science  Symposium,  9  April  1999,  Dayton,  OH. 

“Flow  Structure  of  Coaxial  Jets,”  S.  P.  Gogineni,  J.  W.  Bitting,  D.  E.  Nikitoupolos,  anc 
W.  M.  Roquemore,  Poster  presented  at  the  24"’  Dayton-Cincinnati  Aerospace  Scienct 
Symposium,  9  April  1999,  Dayton,  OH. 

“Experimental  Studies  of  a  Macrolaminate  Fuel  Injector  for  a  Trapped  Vortex 
Combustor,”  I.  Vihinen  D.  Shouse,  A.  Johnson,  M.  Benjamin,  P.  Laing,  and  G.  Switzer, 
Presented  at  the  24’"  Dayton-Cincinnati  Aerospace  Science  Symposium,  9  April  1999, 
Dayton,  OH. 

“Effects  of  Recirculation  on  Aviation  Fuels;  A  Simulation,”  L.  M.  Balster,  W.  J.  Bolster, 
and  E.  G.  Jones,  Presented  at  the  24"’  Dayton-Cincinnati  Aerospace  Science 
Symposium,  9  April  1999,  Dayton,  OH. 

Flame-Vortex  Interactions  in  a  Driven  Diffusion  Flame,”  K.  Y.  Hsu,  W.  M.  Roquemore, 
V.  R.  Katta,  L.  P.  Goss,  and  D.  D.  Trump,  Poster  presented  at  the  Art  in  the  Science 
Competition  held  in  conjunction  with  the  24‘"  Dayton-Cincinnati  Aerospace  Science 
Symposium,  9  April  1 999,  Dayton,  OH.  Received  the  Prof.  Britton  Choice  Award. 

“A  Visualization  of  the  Convergence  of  Phase-Doppler  Particle  Analyzer  Beams  in  a 
Three-Dimensional  Cone  Spray,”  I.  Vihinen,  G.  Switzer,  A.  Johnson,  and  D.  Shouse, 
Poster  presented  at  the  Art  in  the  Science  Competition  held  in  conjunction  with  the  24’" 
Dayton-Cincinnati  Aerospace  Science  Symposium,  9  April  1999,  Dayton,  OH. 

“Combustion  Dynamics  -  What  Degree  of  Physical  Understanding  is  Necessary,”  G.  J. 
Sturgess,  Keynote  address  at  the  Advanced  Gas  Turbine  Systems  Research 
Combustion  Workshop  VI,  18-21  April  1999,  Blacksburg,  VA. 

“High-Frequency  Pressure-Sensitive  Paints  for  Turbomachinery  Applications,”  J.  D. 
Jordan,  A.  N.  Watkins,  W.  L.  Weaver,  D.  D.  Trump,  B.  Sarka,  L.  P.  Goss,  and  K.  R. 
Navarra,  Presented  at  the  45th  International  Instrumentation  Symposium,  2-6  May 
1 999,  Albuquerque,  NM. 

Density  Matrix  and  Rate  Equation  Analyses  for  Picosecond  Pump/Probe  Combustion 
Diagnostics,”  T.  Settersten,  M.  Linne,  J.  Gord,  G.  Fiechtner,  AIAA  J.  37(6),  723  (June 
1 999). 
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“Research  Needs  for  Air  Quality  Compliance:  Diesels,  Turbines,  and  Ordnance  - 
Turbines,”  G.  J.  Sturgess,  W.  M.  Roquemore,  R.  D.  Hancock,  I.  Vihinen,  J.  R.  Gord, 
and  R.  Mantz,  Invited  report  for  the  Workshop  on  Research  Needs  for  Air  Quality 
Compliance  -  Diesels,  Turbines,  and  Ordnance,  2-3  June  1999,  Linthicum,  MD. 

“Extended  Liquid-Phase  Oxidation  of  Aviation  Fuels,”  L.  M.  Balster,  W.  J.  Balster,  and 
E.  G.  Jones,  Paper  No.  99-GT-55,  Presented  at  the  44th  ASME  International  Gas 
Turbine  and  Aeroengine  Technical  Congress,  Exposition,  and  Users  Symposium,  7-10 
June  1999,  Indianapolis,  IN. 

“Pressure-Sensitive-Paint  Measurements  in  a  Large-Scale  Commercial-Engine  Test 
Stand,”  J.  D.  Jordan,  A.  N.  Watkins,  J.  C.  P.  N.  Davis,  W.  L.  Weaver,  G.  A.  Dale,  K.  R. 
Navarra,  J.  R.  Urban,  W.  E.  Devoid,  and  R.  A.  Strange,  Presented  at  the  18*^ 
International  Congress  on  Instrumentation  in  Aerospace  Simulation  Facilities,  14-17 
June  1 999,  Toulouse,  France. 

“Stability-Limit  Predictions  of  Methane  Jet  Diffusion  Flames,”  F.  Takahashi  and  V.  Katta, 
Presented  at  the  35'^  AIAA/ASME/SAE/ASEE  Joint  Propulsion  Conference  and  Exhibit, 
20-23  June  1999,  Los  Angeles,  CA,  and  published  as  AIAA  Paper  No.  99-2781 . 

*  “Numerical  Modeling  of  Collision  between  Two  Droplets,”  L.  P.  Chin,  Presented  at  the 
14th  AIAA  Computational  Fluid  Dynamics  Conference,  28  June  - 1  July  1999,  Norfolk, 
VA.  and  published  as  AIAA  Paper  99-3319. 

“Phase-Resolved  PIV  Measurements  in  a  Translational  Plane  Wall  Jet:  A  Numerical 
Comparison,”  S.  P.  Gogineni,  M.  Visbal,  and  C.  Shih,  Exp.  Fluids  27(2),  126  (July 
1999). 

*  “Gravity  Effects  on  Steady  Two-Dimensional  Partially  Premixed  Methane-Air  Flames,” 

Z.  Shu,  C.  W.  Choi,  S.  K.  Aggarwal,  V.  R.  Katta,  and  I.  K.  Puri,  Comb.  Flame  1 1 8,  91 
(July  1999). 

“Autoxidation  of  Dilute  Jet-Fuel  Blends,”  E.  G.  Jones  and  L.  M.  Balster,  Energy  Fuels 
13(4),  796  (July/August  1999). 

“Analysis  of  Flow  Transition  in  an  Acoustically  Excited  Wall  Jet,”  S.  Gogineni,  M. 

Visbal,  D.  Gaitonde,  and  C.  Shih,  Presented  at  the  3rd  ASME/JSME  Joint  Fluids 
Engineering  Conference  and  FED  Annual  Summer  Meeting/Exhibition,  18-22  July 
1999,  San  Francisco,  CA,  and  published  as  Paper  No.  FEDSM99-6959. 
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“Application  of  Imaging  Techniques  to  the  Study  of  Vortex-Flame  Interactions,”  G.  J. 
Fiechtner,  P.  H.  Renard,  J.  R.  Gord,  K.  D.  Grinstead,  Jr.,  C.  D.  Carter,  and  J.  C.  Rolon, 
Presented  at  the  Optical  Methods  and  Data  Processing  in  Heat  and  Fluid  Flow 
Conference  (SPIE  International  Symposium  on  Optical  Science,  Engineering,  and 
Instrumentation),  1 8-23  July  1 999,  Denver,  CO,  and  published  as  Paper  No.  3783-03. 

*  “Imaging  Strategies  for  the  Study  of  Gas  Turbine  Spark  Ignition,”  J.  R.  Gord,  C.  Tyler, 

K.  D.  Grinstead,  Jr.,  G.  J.  Fiechtner,  M.  J.  Cochran,  and  J.  R.  Frus,  Presented  at  the 
Optical  Methods  and  Data  Processing  in  Heat  and  Fluid  Flow  Conference  (SPIE 
International  Symposium  on  Optical  Science,  Engineering,  and  Instrumentation),  1 8-23 
July  1999,  Denver,  CO. 

*  “Numerical  Studies  on  Cellular  Detonation  Wave  Subjected  to  Sudden  Expansion,”  V. 

R.  Katta,  L.  P.  Chin,  and  F.  Schauer,  Presented  at  the  17’*’  International  Colloquium  on 
the  Dynamics  of  Explosions  and  Reactive  Systems,  25-30  July  1 999,  Heidelberg, 
Germany. 

“Studying  the  Solvent-Dependent  Spectroscopy  of  IR-1 25  through  Asynchronous 
Optical  Sampling,”  C.  E.  Bunker,  J.  R.  Gord,  K.  D.  Grinstead,  Jr.,  and  G.  J.  Fiechtner, 
Presented  at  the  41®*  Rocky  Mountain  Conference  on  Analytical  Chemistry,  1-5  August 
1 999,  Denver,  CO. 

“Capturing  Gas  Turbine  Spark  Ignition  through  Utrafast  Imaging,”  K.  D.  Grinstead,  Jr., 

G.  J.  Fiechtner,  J.  R.  Gord,  C.  Tyler,  M.  Cochran,  and  J.  R.  Frus,  Presented  at  the  41®* 
Rocky  Mountain  Conference  on  Analytical  Chemistry,  1-5  August  1999,  Denver,  CO. 

“Optical  Diagnostic  Techniques  for  Characterizing  Vortex-Flame  Interactions,”  J.  R. 
Gord,  G,  J.  Fiechtner,  K.  D.  Grinstead,  Jr.,  C.  D.  Carter,  P.  H.  Renard,  and  J.  C.  Rolon, 
Presented  at  the  41®*  Rocky  Mountain  Conference  on  Analytical  Chemistry,  1-5  August 
1 999,  Denver,  CO. 

*  “AFRL  In-House  Pulse  Detonation  Engine  Research  Program,"  F.  R.  Schauer,  J.  S. 
Stutrud,  R.  A.  Anthenien,  R.  P.  Bradley,  L.  P.  Chin,  and  V.  R.  Katta,  Presented  at  the 
12***  ONR  Propulsion  Meeting,  4-6  August  1999,  Salt  Lake  City,  UT,  and  published  in 
Proceedings  (G.  D.  Roy  and  S.  L.  Anderson,  Eds.) 

“Quantitative  Measurements  of  CO  Concentrations  in  Laminar  and  Turbulent  Flames 
Using  Two-Photon  Laser-Induced  Fluorescence,”  G.  J.  Fiechtner,  C.  D.  Carter,  and  R 

S.  Barlow,  Paper  No.  HTD99-298  presented  at  the  33rd  Joint  ASME,  AlChE,  ANS,  and 
AIAA  1999  National  Heat  Transfer  Conference,  15-17  August  1999,  Albuquerque,  NM. 
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“Characterizing  the  interaction  of  a  Vortex  with  a  Laminar  Opposed-Jet  Flame,”  J.  R. 
Gord,  G.  J.  Fiechtner,  P.  H.  Renard,  C.  D.  Carter,  and  J.  C.  Rolon,  Paper  No.  HTD99- 
295  presented  at  the  33rd  Joint  ASME,  AlChE,  ANS,  and  AIAA  1 999  National  Heat 
Transfer  Conference,  15-17  August  1999,  Albuquerque,  NM. 

*  “Dilution  Method  for  Estimating  Concentration  of  Primary  Antioxidants  in  Lubricants,”  E. 
G.  Jones  and  L.  M.  Balster,  Presented  at  the  218"’  National  Meeting  of  the  American 
Chemical  Society,  22-26  August  1 999,  New  Orleans,  LA,  and  published  in  Prepr. 
Symp.-ACS,  Div.  Pet.  Chem.  44(3),  305  (July  1999). 

*  “Effect  of  Pressure  on  Supercritical  Pyrolysis  of  n-Paraffins,”  E.  G.  Jones,  L.  M.  Baster, 
W.  J.  Balster,  and  R.  C.  Striebich,  Presented  at  the  218"’  National  Meeting  of  the 
American  Chemical  Society,  22-26  August  1999,  New  Orleans,  LA,  and  published  in 
Prepr.  Symp.-ACS,  Div.  Pet.  Chem.  44(3),  394  (July  1999). 

‘Thermal  Stability  and  Autoxidation  of  Jet  Fuels  Measured  at  1 85  ‘’C,”  E.  G.  Jones,  L. 

M.  Balster,  and  W.  J.  Balster,  Presented  at  the  21 8"’  National  Meeting  of  the  American 
Chemical  Society,  22-26  August  1 999,  New  Orleans,  LA,  and  published  in  Prepr. 
Symp.-ACS,  Div.  Pet.  Chem.  44(3),  382  (July  1999). 

*  “Optical  Method  for  Quantitating  Dissolved  Oxygen  in  Fuel,”  J.  R.  Gord,  S.  W.  Buckner, 
W.  L.  Weaver,  and  K.  D.  Grinstead,  Jr.,  U.  S.  Patent  No.  5,919,710  issued  6  July  1999. 

“Double-Helix  Instability  in  a  Forced  Wail  Jet,”  M.  Visbal,  D.  Gaitonde,  and  S.  Gogineni, 
Phys.  Fluids  11(9),  57  (September  1999). 

*  “Quantitative  Visualization  of  Flowfields  Using  Two-Color  PIV,”  S.  Gogineni,  L.  Goss,  G. 
Fiechtner,  C.  Carter,  F.  Schauer,  J.  Gord,  and  J.  Donbar,  Poster  and  paper  presented 
at  the  International  Workshop  on  Particle  Image  Velocimetry,  16-18  September 
1999,  Santa  Barbara,  CA.  Dr.  Gogineni  Chaired  the  Session  on  PIV  Applications  II. 

*  “Vortex  Injection  of  Noble  Gases  in  an  Opposed-Jet  Burner,”  G.  J.  Fiechtner,  J.  R. 

Gord,  C.  D.  Carter,  K.  D.  Grinstead,  Jr.,  V.  R.  Katta,  P.-H.  Renard,  and  J.  C.  Rolon, 
Presented  at  the  Fall  Technical  Meeting  of  the  Eastern  States  Section  of  the 
Combustion  institute,  11-13  October  1999,  Raleigh,  NC. 

*  “Ultrafast  Imaging  of  a  Gas  Turbine  Spark  Igniter,”  J.  R.  Gord,  G.  J.  Fiechtner,  K.  D. 
Grinstead,  Jr.,  M.  J.  Cochran,  and  J.  R.  Frus,  Presented  at  the  Fall  Technical  Meeting 
of  the  Eastern  States  Section  of  the  Combustion  Institute,  11-13  October  1999,  Raleigh, 
NC. 
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“Development  of  a  Research  Pulse  Detonation  Engine,”  F.  R.  Schauer,  J.  S.  Stutrud,  R. 
A.  Anthenien,  R.  P.  Bradley,  L  P.  Chin,  and  V.  R.  Katta,  Invited  paper  presented  at  the 
JANNAF  Combustion  Subcommittee,  Air  Breathing  Subcommittee,  and  Propulsion 
Systems  Hazards  Subcommittee  Joint  Meeting,  18-22  October  1999,  Cocoa  Beach,  FL 

“Vortex-Initiated  Chemical  Reactions  in  Combusting  Flowfields,”  K.  D.  Grinstead,  Jr.,  G. 
J.  Fiechtner,  C.  D.  Carter,  J.  R.  Gord,  P.-H.  Renard,  and  J.  C.  Rolon,  Presented  at  the 
Federation  of  Analytical  Chemistry  and  Spectroscopy  Societies  (FACSS)  Annual 
Meeting  in  conjunction  with  the  45"’  International  Conference  on  Analytical  Sciences 
and  Spectroscopy  (ICASS),  24-29  October  1999,  Vancouver,  Canada. 

“Continuing  Development,  Characterization,  and  Application  of  an  Asynchronous 
Optical  Sampler,”  K.  D.  Grinstead,  Jr.,  G.  J.  Fiechtner,  C.  E.  Bunker,  D.  K.  Phelps,  and 
J.  R.  Gord,  Presented  at  the  Federation  of  Analytical  Chemistry  and  Spectroscopy 
Societies  (FACSS)  Annual  Meeting  in  Conjunction  with  the  45"’  International 
Conference  on  Analytical  Sciences  and  Spectroscopy  (ICASS),  24-29  October  1 999, 
Vancouver,  Canada. 

“A  Study  of  Flame-Vortex  Interactions  in  the  Rolon  Burner,”  G.  J.  Fiechtner,  Invited 
Seminar  at  Purdue  University,  Department  of  Mechanical  Engineering,  2  November 
1999,  West  Lafayette,  IN. 

“Studying  Vortex-Flame  Interactions  with  Laser-Based  Visualization,”  K.  D.  Grinstead, 
Jr.,  G.  J.  Fiechtner,  C.  D.  Carter,  J.  R.  Gord,  P.-H.  Renard,  and  J.  C.  Rolon,  Presented 
at  the  Eastern  Analytical  Symposium  and  Exposition,  14-19  November  1999,  Somerset, 
NJ. 

“Effects  of  Diffusion  Shaped  Holes  on  Turbine  Film  Cooling  Performance,”  S.  Gogineni, 
J.  Estevadeordal,  M.  Chyu,  and  T.  I.-P.  Shih,  Presented  at  the  52""  Meeting  of  the 
American  Physical  Society,  Division  of  Fluid  Dynamics,  21-23  November  1999,  New 
Orleans,  LA. 

“Measurements  of  Turbulent  Flow  Structure  in  Supersonic  Curved  Wall  Boundary 
Layers,”  R.  D.  W.  Bowersox,  R.  C.  Wier,  D.  D.  Glawe,  and  S.  Gogineni,  J.  Propul.  16(1), 
153  (January  2000). 

“Comparisons  between  Circular  and  Square  Coaxial  Jet  Flows,”  D.  E.  Nikotopoulos,  J. 
W.  Bitting,  and  S.  Gogineni,  Presented  at  the  38‘^  AIAA  Aerospace  Sciences  Meeting 
and  Exhibit,  10-13  January  2000,  Reno,  NV,  and  published  as  AIAA  Paper  No.  2000- 
0661. 
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*  “Visualization  and  DPIV  Measurements  of  Non-Circular  Coaxial  Jet  Flows,”  S. 
Gogineni,  J.  W.  Bitting,  and  D.  E.  Nikitopoulos,  Presented  at  the  SS"*  AIAA  Aerospace 
Sciences  Meeting  and  Exhibit,  10-13  January  2000,  Reno,  NV,  and  published  as  AIAA 
Paper  No.  2000-0660. 

*  “Injection  of  Single  and  Multiple  Vortices  in  an  Opposed-Jet  Burner,”  G.  J.  Fiechtner,  P. 
H.  Renard,  C.  D.  Carter,  J.  R.  Gord,  and  J.  C.  Roion,  J.  Visualization  2(3-4),  331 
(January/February  2000). 

*  “Roie  of  Flow  Visualization  in  the  Development  of  UNICORN,”  W.  M.  Roquemore  and 
V.  R.  Katta,  J.  Visualization  2(3-4),  257  (January/February  2000). 

*  “Experiments  on  the  Scalar  Structure  of  Turbulent  CO/Hg/Na  Jet  Flames,”  R.  S.  Barlow, 
G.  J.  Fiechtner,  C.  D.  Carter,  and  J.-Y.  Chen,  Comb.  Flame  120,  549  (March  2000). 

“Calculation  of  Methane  Flames  in  the  Presence  of  Fire  Suppressing  Agent,”  V.  R. 
Katta  and  W.  M.  Roquemore,  Presented  at  the  Eighth  international  Conference  on 
Numerical  Combustion,  5-8  March  2000,  Amelia  Island,  FL 

“An  Asynchronous  Optical  Sampler  for  Studying  Ultrafast  Solvent  Dynamics,”  J.  R. 
Gord,  C.  E.  Bunker,  K.  D.  Grinstead,  Jr.,  and  G.  J.  Fiechtner,  Presented  at  the  Annual 
Poster  Session  2000,  Dayton  Section  of  the  American  Chemical  Society  and  Ohio 
Valley  Section  of  the  Society  for  Applied  Spectroscopy,  8  March  2000,  Dayton,  OH. 

“Dual-Pump  Coherent  Anti-Stokes  Raman  Spectroscopy  for  Combustion-Efficiency 
Measurements,”  G.  J.  Fiechtner,  C.  D.  Carter,  R.  P.  Lucht,  P.  M.  Danehy,  R.  L.  Farrow, 
and  J.  R.  Gord,  Presented  at  the  Annual  Poster  Session  2000,  Dayton  Section  of  the 
American  Chemical  Society  and  the  Ohio  Valley  Section  of  the  Society  for  Applied 
Spectroscopy,  8  March  2000,  Dayton,  OH. 

“Characterizing  Vortex-Flame  Interactions  with  Laser-Based  Diagnostics,”  J.  R.  Gord, 
G,  J.  Fiechtner,  K.  D.  Grinstead,  Jr.,  C.  D.  Carter,  P.-H.  Renard,  and  J.  C.  Roion, 
Presented  at  the  Annual  Poster  Session  2000,  Dayton  Section  of  the  American 
Chemical  Society  and  the  Ohio  Valley  Section  of  the  Society  for  Applied  Spectroscopy, 
8  March  2000,  Dayton,  OH. 

“High-Speed  Schlieren  Imaging  of  a  Unison  Spark  Igniter,”  J.  R.  Gord,  G.  J.  Fiechtner, 
K.  D.  Grinstead,  Jr.,  M.  J.  Cochran,  and  J.  R.  Frus,  Presented  at  the  Annual  Poster 
Session  2000,  Dayton  Section  of  the  American  Chemical  Society  and  the  Ohio  Valley 
Section  of  the  Society  for  Applied  Spectroscopy,  8  March  2000,  Dayton,  OH. 
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“Interline-Transfer  CCD  for  Lifetime-Based  Pressure-Sensitive-Paint  Measurements,”  L. 
P.  Goss,  G.  J.  Fiechtner,  J.  R.  Gord,  T.  F.  Drouillard,  C.  W.  Fisher,  M.  A.  Linne,  and  N. 
T.  Middleton,  Presented  at  the  25‘^  Annual  Dayton-Cincinnati  Aerospace  Science 
Symposium,  30  March  2000,  Dayton,  OH. 

“Vortex-Based  Ingiter  for  Advanced  Propulsion  Applications,”  G.  L.  Switzer,  G.  J 
Fiechtner,  and  J.  R.  Gord,  Presented  at  the  25*'’  Annual  Dayton-Cincinnati  Aerospace 
Science  Symposium,  30  March  2000,  Dayton,  OH. 

“Megahertz-Framing  Rate  Images  of  a  Gas  Turbine  Spark  Igniter,”  J.  R.  Gord,  G.  J. 
Fiechtner,  K.  D.  Grinstead,  Jr.,  M.  J.  Cochran,  and  J.  R.  Frus,  Presented  at  the  25“’ 
Annual  Dayton-Cincinnati  Aerospace  Science  Symposium,  30  March  2000,  Dayton, 

OH. 

“Optical  Parametric  Oscillator  for  Mid-Infrared  Combustion  Measurements,”  J.  R.  Gord, 
G.  E.  Tietz,  A.  Henderson,  P.  Roper,  R.  Mead,  and  G.  J.  Fiechtner,  Presented  at  the 
25"’  Annual  Dayton-Cincinnati  Aerospace  Science  Symposium,  30  March  2000,  Dayton, 
OH. 

“Exhaust  Gas  Analysis  by  Dual-Pump  Coherent  Anti-Stokes  Raman  Spectroscopy,”  G. 
J.  Fiechtner,  C.  D.  Carter,  R.  P.  Lucht,  P.  M.  Danehy,  R.  L.  Farrow,  and  J.  R.  Gord, 
Presented  at  the  25*“  Annual  Dayton-Cincinnati  Aerospace  Science  Symposium,  30 
March  2000,  Dayton,  OH.  Received  Best  Paper  Award  in  Fuels  and  Combustion. 

“Influence  of  CHFg  on  Unsteady  Buoyant  Jet  Diffusion  Flame,”  V.  R.  Katta  and  W.  M. 
Roquemore,  Presented  at  the  2000  Technical  Meeting  of  the  Central  States  Section  of 
the  Combustion  Institute,  16-18  April  2000,  Indianapolis,  IN,  and  published  in 
Combustion  Fundamentals  and  Applications  (The  Combustion  Institute,  Pittsburgh,  PA, 
2000),  pp.  427-432. 

“Absorption  and  the  Dimensionless  Overlap  Integral  for  Two-Photon  Excitation,”  G.  J. 
Fiechtner  and  J.  R.  Gord,  Accepted  in  May  2000  for  publication  in  the  Journal  of 
Quantum  Spectroscopy  and  Radiation  Transfer. 

*  “Chemical  Kinetic  Structure  of  the  Reaction  Kernel  of  Methane  Jet  Diffusion  Flames,”  F. 
Takahashi  and  V.  R.  Katta,  Comb.  Sci.  Technol.  155,  243  (May  2000). 

“Interaction  of  a  Synthetic  Hindered-Phenol  with  Natural  Fuel  Antioxidants  in  the 
Autoxidation  of  Paraffins,”  E.  G.  Jones  and  L  M.  Balster,  Energy  Fuels  1 4(3),  640 
(May-June  2000). 

“Vortex-Flame  Interactions:  Experimental  Observation  of  an  Annular  Local  Extinction,” 
G.  J.  Fiechtner,  C.  D.  Carter,  J.  R.  Gord,  P.-H.  Renard,  D.  Thevenin,  and  J.  C.  Rolon, 
Submitted  in  June  2000  to  Combustion  and  Flame. 
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*  “Influence  of  Ceramic-Matrix-Composite  Wali  Plates  on  Combustor  Performance,”  V.  R. 
Katta,  R.  Anthenien,  R.  Mantz,  W.  M.  Roquemore,  R.  A.  Brockman,  R.  John,  L.  P. 
Zawada,  T.  A.  Parthasarathy,  and  R.  Kerans,  Presented  at  the  36*”  AIAA/ASME/SAE/ 
ASEE  Joint  Propulsion  Conference  and  Exhibit,  17-19  July  2000,  Huntsville,  AL,  and 
published  as  AIAA  Paper  No.  2000-3351. 

“Rotational  Anisotropy  Decay  in  Supercritical  Fluids  and  Liquid  Solvents:  Investigating 
Phase  Transitions,”  C.  E.  Bunker  and  J.  R.  Gord,  Presented  at  the  42"'*  Rocky  Mountain 
Conference  on  Analytical  Chemistry,  30  July  -  3  August  2000,  Denver,  CO. 

“Density-Dependent  Spectral  Shifts  of  Pyrene  in  Supercritical  Fuels,”  D.  K.  Phelps,  C. 

E.  Bunker,  and  J.  R.  Gord,  Presented  at  the  42"**  Rocky  Mountain  Conference  on 
Analytical  Chemistry,  30  July  -  3  August  2000,  Denver,  CO. 

“Lifetime  imaging  with  an  Interline-Transfer  CCD  Camera  for  Pressure-Sensitive-Paint 
Applications,”  J.  R.  Gord,  L.  P.  Goss,  G.  J.  Fiechtner,  T.  F.  Drouillard,  C.  W.  Fisher,  M. 
A.  Linne,  and  N.  T.  Middleton,  Presented  at  the  42"'*  Rocky  Mountain  Conference  on 
Analytical  Chemistry,  30  July  -  3  August  2000,  Denver,  CO. 

“New  Spectral  Sources  for  Studying  Combustion  and  Fuels,”  J.  R.  Gord,  G.  J. 

Fiechtner,  M.  S.  Brown,  A.  Henderson,  P.  Roper,  R.  Mead,  J.  V.  Rudd,  D.  Zimdars,  and 
M.  Warmuth,  Presented  at  the  42""  Rocky  Mountain  Conference  on  Analytical 
Chemistry,  30  Juiy  -  3  August  2000,  Denver,  CO. 

*  “Experimental  and  Numerical  Investigation  of  the  Structures  of  Two-Dimensional 
Partially  Premixed  Methane-Air  Flames,"  V.  R.  Katta,  L.  Brenez,  and  J.  C.  Rolon, 
Presented  at  the  28th  International  Symposium  on  Combustion,  30  July  -  4  August 
2000,  Edinburgh,  Scotland,  and  be  published  in  Proceedings  of  the  Combustion 
Institute  28  (2000). 

*  “Response  of  a  Hydrogen-Air  Opposing-Jet  Diffusion  Flame  to  Different  Types  of 
Perturbations,”  V.  R.  Katta  and  W.  M.  Roquemore,  Presented  at  the  28th  International 
Symposium  on  Combustion,  30  July  -  4  August  2000,  Edinburgh,  Scotland,  and  be 
published  in  Proceedings  of  the  Combustion  Institute  28  (2000). 

*  “A  Reaction  Kernel  Hypothesis  for  the  Stability  Limit  of  Methane  Jet  Diffusion  Flames,” 

F.  Takahashi  and  V.  R.  Katta,  Presented  at  the  28th  International  Symposium  on 
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